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Edited by SIR WILLIAM RAMSAY, K.C.R, F.R.S.) 

*' Though the author did not aim at exhaustive treatment, yet he has succeeded in 
his 583 pages in giving us a sketch of the whole field of stereochemical research, and has 
made it possible even for a beginner to grasi> the subject. . . . Especially worthy of 
commendation is the manner in which attention is distinctly drawn to the gaps still 
remaining to be filled up, so that junior readers will meet with numerous themes for 
research. —The late Prof. C. A. Bischoff in the Chtmiker-Zeiiung. 

"The present admirable work b essentially a critical review of the stereochemical 
views of to-day, but at the same time it brings together and weaves into the fabric an 
immense number of facts scattered in various journals, and indicate numerous problems 
still awaiting solution. . . . The work may be recommended to all who have some know- 
ledge of organic chemistry, and who are interested in the development of chemistry in 
the direction of physics." — Knowledge, 

" This book is practically a complete, and in many cases, a detailed account of the 
subject of stereo or space chemistry since the foundations of this extremely fruitful 
branch of chemical science were laid by Pasteur and Wislicensus. It is not a historical 
summary, but a carefully thought out treatise, and one which chembts who have to 
lecture or teach the subject will find of the ereatest use." — Nature, 

"Though several treatises on the subject have already appeared, the author has known 
how to handle it in an independent fashion of its own, and within the limits of the 
volume has produced an extremely well-arramged work which will serve as a euide to the 
present state of the science and as an inspiration to further research." — Prof. W. Ostwald 
m the Zeitschriftjiir Pkysikaliscke Cketnie. 
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PROFESSOR OF ORGANIC CHBMISTRV IN UNIVERSITY COLLEGE, LONDON 

2wo, Js. 6d. net, 

'* It IS not often that such an intricate and bewildering subject as organic chemistry 
is treated in so lucid and masterlv a manner. ... This book is an attempt to write a 
work on organic chemistry which shall not be like most text-Looks, an aoridgment of 
a chemical dictionary. It exalts the idea above the facts, and by treating of substances 
which represent types of compounds, it seeks to illustrate the principles upon which 
modern organic chembtry moves — ^not stands— and to undermine the conservatism which 
exists in all but strikingly original minds." — The Chemical Trade Journal. 

"This hook can only be described as simply invaluable for students of organic 
chembtry. To many the study of organic chembtry means nothing more than the 
acquirement by rote of a greater or smaller number of facts, the meanings and correlation 
of which are practically passed over alto^ther, and the extinction of this wholly false 
view is one of^the aims of the author, while the constructive object is to stimulate the 
reader's own critical and selective powers to follow the most modern advances in methods 
of thought and argument. . . . The book is more than an account of the work which has 
already been done ; it points out the methods by which the almost countless facts which 
have been ascertained by research will be brought into relation with one another, and 
how order will be made out of t\iem.'* -^Chemical Nexvs. 

•• Much of the material has not previously appeared in volume form. . . . The matter 
has been arranged from the synthetic point of view rather than a strictly hbtoricaU and 
this is a decided advantage, as it enables the reader to follow and criticize in a better 
manner the arguments brought forward. Also, we have not a mere compilation of facts, 
but novel theories in organic chembtry are brought forward, and these will help to 
direct research and stimulate thought. . . . There are a bibliography and a good index, 
as well as reference to original papers. The book has been arranged with care and 
skill, and b likely to be extremely useful to workers in advanced organic chemistry." — 
Athemeum. 

'* As in his work on Stereochemistrv, Dr. Stewart has indicated new directions in 
which the student may attempt to find a path for himself through the fos of isolated 
facts with which he is often overwhelmed in works on organic chemistry. In short, the 
book is constructive as well as instructive. ... It will be found a stimulating and 
interesting book, even for the most advanced workers in chemistry." — Knowledge. 
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PREFACE TO THE FIRST EDITION 

Until a few years ago, most chemical text-books were written 
on the lines laid down by Eegnault: the advanced work 
di£fered from the elementary manual in the amount of matter 
which it contained rather than in the manner in which the 
material was handled. In recent years, however, a certain 
change has come over chemical literature ; and this has been 
specially marked in the organic branch of the subject. In place 
of making the advanced book merely an expansion of the 
elementary one, some writers have endeavoured to break away 
from the tradition and write series of essays upon various 
special branches of a subject instead of attempting to force 
the theoretical and systematic portions into a rigid mould. 
The present work is an attempt to treat some parts of in- 
organic and physical chemistry on these lines. 

The volume is to some extent a complement to my Recent 
Advances in Organic Chemistry. Like its predecessor, it deals 
for the most part with researches which have been carried out 
in the past two decades ; but here also no attempt has been 
made to adhere rigidly to this period when it was desirable to 
begin the history of a subject at an earlier point. The chief 
aim kept in view during the preparation of the work was to 
avoid as far as possible those themes which have been fre- 
quently and fully dealt with in text-books; in this way it is 
hoped that students will find a certain amount of novelty in 
the subject-matter, whatever may be thought of its treatment. 

In a book of this kind, every reader will doubtless detect 
the omission of some subject in which he is specially interested. 
It is obviously impossible to include a tithe of the researches 
which have been carried out m these two branches of chemistry 
during even the last ten years ; and many of the most important 
investigations have been reluctantly omitted on the ground 
that a full treatment of them would have occupied more space 
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vni PREFACE TO THE FIRST EDITION 

than could be spared, while a partial treatment would have 
served little purpose. As far as possible, the chapters have 
been equally divided between inorganic and physical chemistry. 
In conclusion, I desire to thank Sir William Eamsay, K.C.B., 
for the Introduction which he has written for the book, as 
well as for suggestions and encouragement. I am also greatly 
indebted to Professor Collie, F.E.S., and Professor Inglis, who 
have read the manuscript, and given me valuable criticism ; to 
Assistant-Professor Wilsmore, for suggestions with regard to 
some chapters ; and to Assistant-Professor Smiles and Mr. H. 
T. Clarke, for their trouble in reading the proof-sheets. 



A. W. STEWART. 



University College, London, 
Septetnber, 1909. 
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PREFACE TO THE SECOND EDITION 

In the present edition the material has been rearranged, so that 
the volume may now roughly be divided into three sections. 
The first of these, Chapters I. to VI., deals with problems which 
may be classified as physico-chemical ; the next five chapters 
are concerned with subjects belonging to inorganic chemistry ; 
while the last three chapters of the book give a summary of the 
phenomena of radioactivity. 

Where necessary, the chapters of the previous edition have 
been rewritten and brought up to date, which in some cases has 
entailed a very considerable amount of alteration. One chapter 
of the first edition has been omitted, and in its place an account 
of the pseudo-acids has been inserted. 

As before, footnotes are indicated by asterisks, and references 
to the literature by numbers ; in this way the reader will be 
saved any unnecessary reference to the foot of the page. 

I have again to thank my reviewers for their encouragement 
and suggestions. Most of the latter have been embodied in the 
new text. 

In the preparation of this edition I have been indebted for 
assistance to Professors Collie, Inglis, and Wilsmore, and Messrs. 
Austin, Clarke, and Wright. 



A. W. STEWAET. 



The Sib Donald Cubbi£ Labokatories, 
The Queen's University of Belpast, 
November, 1911. 
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INTRODUCTION 

At all periods of the world's history, certain problems have 
impressed themselves on men's minds as being of paramount 
importance. History affords many examples of this. From 
the doctrine of "the divine right of Kings" to the question 
of "Women's Sufi&age" is a long step, but not a longer one 
than from the once all-absorbing theme which exercised the 
minds of men of science as regards the true nature of phlogiston, 
to the present contest regarding the structure of the cobalt- 
ammines. Science has, however, this advantage over politics 
— that experiments devised to decide knotty questions are more 
easily carried out; and, further, that it is in the interests of 
no one to conceal the truth. 

In Dr. Stewart's Recent Advances in Physical and Inorganic 
Chemistry, he has treated of a number of subjects which are at 
present prominent in the minds of chemists. No doubt they 
will in time be succeeded by others equally engrossing; the 
essential features of each of the subjects here considered will 
have been established or refuted, and new views will in some 
cases succeed those which he has expounded; Such new views, 
however, will be the result of maturer knowledge, gained by 
incessant experiment. At present these essays represent the 
state of knowledge which we possess ; and rival theories have 
been set forth with fairness, and yet not without some guidance 
from the author of this work, who has not scinipled to express 
his own opiuion, where he holds a decided view. 

The enormous mass of chemical literature which floods our 
tables monthly makes it almost impossible to do more than 
glance at the titles of the papers; and each of these, it is 
sometimes almost sad to think, represents much patient and 
careful work, which ought to receive, at all events, some con- 
sideration. The chemically educated public, too, is rapidly 
increasing; those who are not themselves actively engaged 
in furthering the science, and who have neither leisure nor 
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inclination to flit down and read the Transactions of the Chemical 
Society or the Zeitschrift fur Aruyrganische Chemie, are the better 
for having their chemical food prepared for the table, instead 
of trying to assimilate indigestible masses of what is often 
very crude material. Dr. Stewart may be likened to a skilful 
cook, who has trimmed his joint, rejecting all innutritious ard 
redimdant excrescences, and has served it up to table in a 
palatable form. Such essays, I venture to think, vdll do more 
to encourage a taste for chemistry than many text-books. They 
will be followed with pleasure by any one who has mastered 
the, nomenclature and is at home with the simpler conceptions 
of chemistry. Each may be taken to represent in a readable 
form the latest work on the subject of which it treats. 

This book, it may be hoped, will have a still further use ; 
it cannot be doubtful that some who peruse it will have sug- 
gested to them various directions in which they may profitably 
attempt to increase knowledge. Nothing is so sad as to see 
much time and labour spent, with patience and devotion, in 
the investigation of some matter which possesses no real im- 
portance. It may be retorted that every true statement is of 
importance, but this is not so. It is only statements which 
hold forth some prospect of contributing to an organic whole 
which can be held valuable. There may, perhaps, be a little 
more merit in ascertaining to the hundredth of a degree the 
boiling-point of sulphur than of measuring the area of the wings 
of some particular butterfly ; but the difference is barely appre- 
ciable. One is as likely to prove useless as the other. It 
would be well if enthusiasts anxious to carry on research 
would remember that it is much more stimulating to carry on 
an interesting than an uninteresting research. It is, I believe, 
not improbable that the reading of such a work as this may 
aid those embued with the spirit of investigation to make a 
happy choice of a subject of research. Should this hope be 
realized, Dr. Stewart will have done a most useful work. 

WILLIAM RAMSAY. 
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CHAPTER I 

DOUBLE SALTS 

1. General 

If we dissolve two organic substances or two inorganic salts 
with a common ion, and then crystallize them from the solution, 
there are four possible results. 

1. The two solutes may separate from the solvent in the 
form of independent crystals, so that it is possible by mechanical 
means to separate one substance from the other. In this case 
we have a conglomerate. 

2. The crystals which are deposited contain both solutes in 
quantities depending upon the percentage of each solute present 
in the solvent. In this case no mechanical separation can be 
effected, as each separate crystal contains a mixture of the 
solutes. If we redissolve the crystals, add to the solution 
more of one of the original solutes, and again crystallize, we 
shall find that the new crystals have a composition different 
from that of the first set. In this case we have an example of 
a mixed crystal. 

3. The crystals deposited from the solution contain both 
solutes ; but if they are redissolved as in the last example, and 
some of one solute added to the solution, the crystals which 
separate from the solution have the same composition as the 
first set. In this case we have a double salt formed. 

4. Crystals separate from the solution, and on examination 
are found to contain portions of both solutes; but if these 
crystals be redissolved they are found to have acquired new 
chemical properties, and do not give the reactions of either of 
the original solutes. In this case we are dealing with a 
complex salt. 

We need not enter further into discussions of Cases 1, 2 
and 4, which lie outside the limits of the present chapter, but 

B p 
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must turn to an examination of the class of substances known 
as double salts. 



2. The Conditions governing the Formation op 
Double Salts 

If to a solution of ferrous sulphate we add a solution of 
magnesium sulphate^ we shall find, on evaporating the water, 
that no double salt is formed from the two sulphates. On the 
other hand, if we use ammonium sulphate instead of magnesium 
sulphate, we shall obtain on evaporation crystals of Mohr's salt, 
(NH4)8S04 . FeSO* . 6H2O. If we employ zinc sulphate and 
copper sulphate we can obtain no double salt formation; 
whereas zinc and potassium sulphates together yield the salt 
ZnSO^ . EaS04 . 6H2O. It thus becomes evident that the 
character of the metals from which the salts are derived plays 
a very considerable part in determining whether or not a given 
pair of salts will form a double compound with each other.^ 

Betgeirs states that if two salts can be made to form a series 
of mixed crystals of varying composition, double salt formation 
is act to be expected ; and, conversely, if two salts combine to 
form a double salt, we are not likely to obtain a series of mixed 
crystals from them. For example, ferrous sulphate forms 
mixed crystals with magnesium sulphate, but no double salt 
can be obtained from the two ; while, on the other hand, potas- 
sium and sodium sulphates form no mixed crystals, but do 
yield a double salt. 

Hinrichsen and SachseP have examined a series of chlorides 
with respect to double salt formation, with the following 
results. Ferric chloride and sodium chloride form merely a 
continuous series of mixed crystals: with potassium chloride 
at 21° C, ferric chloride gives a double salt, FeCla . 2KC1 . HaO: 
at the same temperature, csBsium chloride and ferric chloride 
give two double salts, FeCls . 2CsCl . HjO and FeCla. 3CsCl . HaO. 
Thus in this case the increase in atomic weight of the metal 
appears to raise its capacity for double salt formation. 

The acid radicles may exert a similar influence ; for while 

1 Betgera, Zeiisch. phyHkal. Chem., 1889, 8, 289, 497; 4, 189; 6, 486; 
1890, 6, 198 ; 1892, 8, 6. 

* Hinnchsen and Sachsel, Zeitsch. physikal. Chem.t 1904, 60, 81. 
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DOUBLE SALTS 3 

sodium chloride forms no double salt with sodium nitrate, the 
latter body yields a double salt with sodium sulphate. 

Physical influences also play a very considerable part in 
the problem. It has been shown ^ that pressure may be a very 
important factor in the stability of double salts; while the 
question of temperature is the dominant feature in any investi- 
gation in this department. In the following section we shall 
deal with this part of the subject. 

3. Transition Tbmpebatubbs 

(a) HisUyi'ical. — It will be remembered that in the course 
of his researches on molecular asymmetry, Pasteur,* by crystal- 
lizing the sodium ammonium salt of racemic acid, was able 
to obtain two sets of crystals, the one set being the sodium 
ammonium salt of dextro-tartaric acid, while the others were 
the corresponding Isevo-compound. Staedel,* attempting to 
repeat Pasteur's experiments, found that only the sodium 
ammonium racemate was formed, no separation of the double 
salt into its components having taken place. This apparent 
contradiction found its explanation in the work of Scacchi,* 
who showed that crystallization at high temperatures yields 
no resolution, while at low temperatures a separation into the 
two dextro- and Ise vo-tartrates occurs. The work of Wyrouboff * 
proved that 28° C. was the temperature above which the resolu- 
tion was not observable. 

Now, it has been shown by van't Hoff that this behaviour 
is characteristic of all double salts : above a certain temperature 
— to which he gave the name transition temperature — the solu- 
tion of some double salts will yield separate crystals of the two 
components which go to form it ; below the same temperature 
only the double salt can be obtained. In the case of other 
double salts, the components are obtained below the transition 
temperature and the double salt above it. In either case, how- 
ever, the transition temperature marks the limit of existence 

> Yan't Hoff, Bildung und SpaUung wm DoppelsdUm, 1897, p. 67. 

* Pasteur, Ann, chim. phys., 1848, [8] 94, U2 : 1850, [3] 88, 66. 

> Staedal, Bw., 1878, 11, 1762. 

* Soacohi, Bmd. Accad, Sci, Fia. Mat. Napoli, 1866, 260. 

s Wyrouboff, Bull. soc. chim., 1884, [2] 41, 210; 1886, 46, 62: CompL 
rend,, 1886, 102, 627. 
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of the two components in solution. Thus we may compare 
the transition temperature of a double salt to the melting-point 
of a solid: just as the solid cannot exist above a certain 
temperature, so some double salts, such as copper dipotassium 
chloride, when heated above their transition temperature, break 
down into their components. The case of water of crystalliza- 
tion is, of course, merely an example of double-salt formation. 
For instance, Glauber's salt has a transition temperature of 
32*5° C. If it be heated to this temperature, it loses water and 
is couverted into the anhydrous form — 

Na,S04 . lOHaO = NaaS04 + lOHaO 
On cooling it below 32*5° C. in presence of water, the anhydrous 
sodium sulphate will combine with ten molecules of water to 
form again the original Glauber's salt 

(6) The Determination of Transition Points. — ^There are 
various methods of ascertaining the transition temperature of 
a substance — 

1. The Dilatometric Method.^ 

2. The Tensimetric Method.^ 

3. The Thermometric Method.* 

4. The Spectrometric Method. 

5. The Method of Solubilities.^ 

6. The Method of Electromotive Force Measurements.*^ 

7. The Viscosity Method.^ 
We shall take up these in turn. 

When a double salt is converted into its components or vice 
versa, it is to be expected that there will be a sudden change in 
volume due to the alteration in constitution. If this volume 
change be sufficiently marked, it forms one of the simplest 
criteria of the transition temperature. The apparatus employed, 
the dilatometer, resembles a thermometer with a very large 
bulb. Into this bulb, the double salt is introduced and covered 
with oiL The level of the oil is read off on the graduated stem 
of the dilatometer just as we read off the height of mercury in 
a thermometer. The bulb of the dilatometer is now placed in 
a bath whose temperature is very gradually raised. Headings 

• Yan't Hoff, Bildung und SpdUwng von DoppelsaUen, 1897, p. 88. 
« Ibid., p. 48. » Ibid,, p. 66. * Ibid., p. 61. 

• Ibid., p. 48. 

• Dunstftn and Thole, Trans., 1908, 98, 1815. 
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DOUBLE SALTS 5 

are taken simultaneously of the bath temperature and the 
height of the oil-level in the stem. At first there will be a 
steady rise proportional to the temperature; but when the 
transition point is reached there will naturally be a rapid change 
in volume of the salt, quite independent of the normal increase 
in volume of the oil. Thus on plotting the volume against 
the temperature, we shall obtain a break in the curve at the 
transition point. Since the transformation of a double salt into 
its components, or the reverse process, is not instantaneous, 
there is usually a slight lag in the volume increase. To allow* 
for this it is best to make two sets of measurements, one with it. 
rising, the other with a falling temperature. The two errora 
then counteract each other to some extent. A modification: of 
the method allows this lag to be turned to account. If we places 
a mixture of a double salt and the two components in the 
dilatometer, equilibrium will not be established immediately. 
The dilatometer bulb is therefore placed in & bath and allowed 
to attain constant temperature; after which readings of the oil- 
level are taken as before. Now, unless the temperature of the 
bath is the transition temperature, it is obvious that the salt 
within the bulb will contract or expand in the course of time : 
for if the temperature is one at which the double salt is stable, 
then the component will be slowly changing into the double 
salt ; or, conversely, if the double salt is unstable at the tempera- 
ture of the bath, then it will be converted into a mixture of the 
components. In either case there will be a change in volume, 
which will make itself apparent in the alteration of the oil-level 
in the stem. Suppose a contraction takes place. We note the 
temperature, and then repeat the operation at another tempera- 
ture; and continue thus until we find some temperature at which 
expansion occurs. Now, at the transition temperature, since 
the components are there in equilibrium with the double salt, 
it is obvious that no change in volume can occur. Therefore the 
transition temperature lies between the temperature at which 
expansion occurs and that at which contraction is observed. 
By a series of measurements we can narrow the limits between 
the two temperatures, and thus finally arrive at the transition 
temperature by a series of trials. 

The second method of determining the transition point 
depends upon the fact that at the transition temperature the 
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vapour pressures of the double salt and its components must be 
in equilibrium. The apparatus usually employed is the Bremer- 
Frowein tensimeter, whose construction is shown in Fig. 1. 
The whole apparatus is first carefully dried, and then the two 
substances whose tensions are to be compared are introduced 
into d and e respectively. The substance having the greater 
vapour pressure is usually introduced into e. Olive oil is then 
passed into the U-tube c by means of a fine funnel until it 
stands about halfway up the U-tube on both sides. The tubes 
at/ and g are now seal«i ofif, and a mercury pump attached to 
A. The whole apparatus is then evacuated. When the highest 
possible vacuum is produced, the mercury pump is removed by 
sealing off the tube at j. The apparatus is then placed in an 
air-bath and its temperature gradually raised. At the transition 
temperature the surface of the oil in the two arms will reeu^h 
the same level. Of course this is only an outline of the method ; 
numerous precautions must be taken, and some corrections 
have to be applied in order to make it accurate. 

If we allow the temperature of ice to rise slowly, it will be 
remembered that when it reaches 0° C. a thermometer immersed 
in it will remain constant until the ice has melted. Applying 
the analogy between the transition temperature and the melting- 
point, we arrive at another method of determining the transition 
temperature. We have only to note the temperature at which 
a thermometer seems to lag when the mass of double salt 
surrounding it is slowly heated or cooled through its transition 
temperature. 

The fourth method of determining transition points depends 
upon the change of colour which some salts undergo at the 
transition temperature. For instance, a concentrated solution 
of the two simple salts, ferric chloride and potassium chloride, 
will be yellow at ordinary temperatures. If it be raised to 
about 22° C, the colour changes to red,^ owing to the formation 
of the double salt FeCla . 2KC1 . HgO. This method might be 
employed even in cases where there is no visible change of 
colour, by using a photographic spectroscope and noting the 
change in the ultra-violet spectrum. 

At the transition temperature, the solubilities of a double 
salt and its components become equal; and this has been 
1 HinriohMn and Saohsel, Zeitsch^ phyHkal, Chem,, 1904, 50, 90, 
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employed in 8ome cases to detenniDe the transition point of the 
system. If we plot the solubility of each of the three sub- 
stances (double salt and its two components) against the 
temperature through a giyen range, we shall obtain three curves 
which will cut each other in a point. This point gives the 
transition temperature. 

It is a well-known fact that if we had two vessels contain- 
ing solutions of some salt and connected together by a tube 
"> which allows the liquid to^gass from one vessel to the other, we 
can obtain an electric current by immersing electrodes in the 
two vessels and connecting them by means of a wire. The 
current passes in the cell from the weaker to the stronger solu- 
tion. Suppose that we take the case of the two hydrates of 
zinc sulphate, ZnSO^ . 7H2O and ZnS04 . 6H2O. We place 
saturated solutions of each of these in a vessel along with some 
solid salt, connect the two vessels with a tube bent in such a 
way as to prevent the action being disturbed by convection 
currents, and then dip into each vessel a zinc electrode. The 
electrodes are connected by a wire, and a galvanometer is 
included in the circuit. At temperatures below the transition 
point, the salt ZnS04 . 6HaO is more soluble than the other, so 
that the solution of the latter will be weaker in zinc sulphate. 
Hence the current will pass in the cell from the vessel con- 
taining the heptahydrate to that containing the hezahydrate. 
As we raise the temperature, the solubilities of the salts in 
the two vessels approximate more and more to each other, and 
consequently the current passing becomes weaker and weaker. 
Finally, at the transition temperature, it ceases to flow. 

It has been shown ^ that the viscosity of a solution of a 
racemic compound is less than that of the corresponding active 
antipodes, and the transition temperature can be detected by 
the break in the temperature- viscosity curve. 

4. Transition Intervals 

We must next turn to examine the solubility relations 

which have been observed in the case of double salts and their 

components. We have already touched upon the matter in 

the last section when dealing with the determination of the 

> Dunstan and Thole, Ttom,, 1898, 98, 1815. 
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transition temperature by means of the solubility; but in 
the present section we must look upon the question from a 
somewhat difiTerent point of view. 

It has been shown by van't HofT and Muller^ that the 
transition temperature of rubidium racemate is 40° C. Below 
this temperature the raoemate exists ; above it, the individual 
dextro- and IsBvo-tartrates. Now, suppose that we take equal 
weights of the dextro-tartrate and of the Isevo-tartrate and place 
them both in a vessel containing the same weight of water at 
15° C. Both tartrates will go into solution in equal quantity, 
since their solubilities are equal ; and since there is not enough 
water present to dissolve them, part of each tartrate will 
remain as a solid phase. A complication now enters into the 
problem. As the tartrates go into solution they are converted 
into the corresponding racemate, which is the stable form 
below 40° C, and this racemate is less soluble than the 
tartrates. Consequently, the solution will be able to take up 
more of the single tartrates than it can keep in solution when 
they have combined to form a racemate. As a result we shall 
have a continual deposition of racemate to keep pace with the 
amount of tartrates taken up by the water. In this way we 
have first the solution of the two tartrates, then their conversion 
into racemate, and consequent supersaturation of the solution 
with racemate, leading to a deposition of crystals of the race- 
mate ; and this process will go on untU all the tartrates have 
been dissolved. 

This is a simple case, owing to the fact that the two 
components of the double salt have the same solubility ; but 
we must consider a more complicated problem. Let us take 
the case of astrakanite, MgS04 . NaaSOi . 4HsO, as an example.^ 
In this case the two components of the double salt have not 
the same solubility, and in the first place we have to find the 
solubility of the two component salts, sodium sulphate and 
magnesium sulphate, in presence of each other. This is done 
by placing an excess of both salts in contact with water and 
agitating at constant temperature until equilibrium is estab- 
lished, after which the solution is analyzed. In this way we 
obtain the following figures : — 

> Van't Hoff and MtiUer, Ber., 1896, 81, 2206. 
* See Findlay, ThA Phase Rule, 1906, p. 268. 
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I. — Solid Phases : Sodium SniiPHATB Ain> Magnbsium Sulphatb. 





Temperature. 


Na2804. 


Mg904. 


Ratio of NaaBO^ to HgSOi 


A . 


. . 18-6° 


21-6 


46-7 


1:2-1 


B . 


. . 24-6° 


84-8 


46-8 


1 : 1-4 



The figures under NaaS04 and MgSOi represent the number of 
molecules of the salt dissolved in a thousand molecules of 
water. 

The transition point of astrakanite is about 22° C. : above 
this temperature the double salt exists ; below it, the components 
are stable as independent salts. Let us examine what happens 
at the temperature 24*5^ which lies above the astrakanite 
transition temperature. At this temperature, as the figures 
above show, water will take up a greater number of molecules 
of magnesium sulphate than of sodium sulphate. But in 
solution these two salts will combine to form astrakanite, 
which is less soluble and will consequently crystallize out, 
just as the racemate did in the case of the rubidium salts. 
And since astrakanite contains magnesium and sodium sul- 
phates in equimolecular proportions, it follows that at the end 
of the process we shall have an excess of sodium sulphate left 
as a solid phase, along with the other solid phase astrakanite. 
If we exclude the vapour phase, we have three phases present 
(solid astrakanite, solid sodium sulphate, and the solution) ; 
consequently the system is univariant, and at a given tempera- 
ture the solution will have a definite composition. 

If we take astrakanite and sodium sulphate in excess, place 
them in contact with water at a given temperature, and agitate 
the mixture until equilibrium is attained, we shall find that 
we obtain the following results^ representing the number of 
molecules of magnesium and sodium sulphates dissolved in a 
thousand molecules of water: — 

II.— Solid Phases : Astbakahitb aijtd Sodium Sulphate. 

Temperature. NasSO^. MgS04. Ratio of NaaSO^ to HgSOi. 

... 22° 29-6 470 1:1*69 

D . . . 24-6° 84-6 862 1 : 1-04 

E . . .80° 46-8 291 1:0-68 

Repeating the process, but using in this case astrakanite 
and magnesium sulphate, we find the following results : — 
> Boooeboom, ZeiUch. phynkdl. Qhem,^ 1888, 2, 518, 
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II 



in. — Solid Phassb : Astb4kanitb and MAOznestuM Sulfhatx. 







N»,80|. 


MgS04. 


Batio of Naa804 to M8fl04 


F . 


. . 18-60 


841 


42-7 


1:1-3 


. 


. . 22^ 


28-5 


46-8 


1:1-6 


G . 


. . 3i-5o 


96*8 


47-6 


1 : 1-8 


H . 


. . 80° 


280 


68-1 


1:2-8 



Now let us fix our attention upon the temperature 24-5° 0. 
If we take pure astrakanite and dissolve it in water at this 
temperature, we should get, in the first place, a solution con- 
taining exactly equimolecular quantities of sodium and mag- 
nesium sulphates. But if we look at Table II., under the 
temperature 24'5'* C, we shall find that equilibrium is attained, 



c 
o 



2 0-6 

s 



10 



o 

% 

s 

o 




A^* 



Point 



20" 



2? 26^ 

Temperature 
Fio. 2. 



not when the two salts are present in exactly equivalent propor- 
tions, but when there is slightly less sodium sulphate present. 
Consequently, in order to reach the position of equilibrium, a 
solution of pure astrakanite must deposit some sodium sul- 
phate. (We exclude the case of supersaturation for the sake 
of convenience.) Thus it will be impossible to obtain at 
24-5° C. a solution of pure astrakanite. 

Let ud now construct from the data in the three tables 
given above a graphic representation of the relations between 
the various substances. The abscissa in Fig. 2 represent the 
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temperatures, while the ordinates show the ratio of magnesium 
to sodium sulphate in the various solutions. The diagram is 
only a rough one. 

The line AGB represents solutions saturated with magnesium 
and sodium sulphates, and is drawn from the data in Table I. 
The line CD represents a series of solutions saturated with 
astrakanite and sodium sulphate, the data being taken from 
Table IL Similarly, the line CH is drawn from data in 
Table 111., and represents, a series of solutions in equilibrium 
with solid astrakanite and magnesium sulphate. If the experi- 
mental data were absolutely correct, these three lines would 
meet in the point C, which is the transition point of the 
system. 

An examination of the figure will show that if we have 
a solution under conditions represented by the point P, it will 
contain more sodium sulphate than a saturated solution of 
magnesium and sodium sulphates or of sodium sulphate and 
astrakanite could do. It is therefore in a state of unstable 
equilibrium, and will begin to precipitate sodium sulphate. 
In other words, the line representing its change in composition 
will be PX, and the solution will come into equilibrium only 
when its composition can be represented by the point X, the 
temperature being kept constant throughout. Similarly, a 
solution represented by the point Q would contain an excess 
of magnesium sulphate, and part of this salt would separate out 
until the composition of the solution became representable by 
the point Z. Further, a solution represented by the point R 
would be unsaturated with regard to both sodium sulphate and 
magnesium sulphate. 

We are now in a position to understand what happens 
when we dissolve pure astrakanite in water. Let us take the 
case of a solution at 28"^ C, which we can represent by the 
point S. All solutions of pure astrakanite in water will be 
represented by points on the line KSD, since all such points 
represent solutions containing equimolecular quantities of 
sodium and magnesium sulphates. Now, when we lower the 
temperature the composition of the astrakanite solution will 
remain unchanged until the point D is reached. At that point 
a change must take place, for if we attempt to continue along 
the line DT we shall produce a solution supersaturated with 
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regard to sodium sulphate ; hence precipitation will occur, and 
the solution will cease to contain the two sulphates in equimo- 
lecular quantities. The point D, then, marks the lowest 
temperature at which astrakanite can be dissolved in water 
without decomposition. But the lowest temperature at which 
astrakanite can exist is the transition point C. The interval 
between these two temperatures is called the iran&itum interval 
for astrakanite solutions. 

5. The Existence of Double Salts in Solution 

When we mix solutions of two salts containing a common 
ion, it may in some cases be important to know whether the 
solution contains a mixture of the two original salts or a 
new double salt. Various methods have been suggested for 
ascertaining this, some of them being adaptations of those 
employed in the determination of transition temperatures. It 
is obvious that physical methods alone can be employed, as 
chemical experiments can tell us nothing in the matter, unless 
we are able to isolate the solid substances and analyze them 
with a view to finding differences in the amount of water of 
crystallization or some such property. 

In applying physical methods to the problem, we begin with 
the most obvious property, colour. Many cases are known 
in which the formation of a double salt produces an absorption 
spectrum different from that of the components. We have 
already quoted the case of the double salt of potassium and 
ferric chlorides, whose formation gives rise to a red tint in the 
previously yellow solution. When we mix a solution of 
colourless lithium chloride with one of green cupric chloride, 
we obtain a garnet-coloured double salt. Other instances 
might be quoted. 

Conductivity measurements ^ may also be employed to test 
whether or not a double salt is present in solution. We can 
calculate the conductivity of a mixture of two salts in solution ; 
and it has been found in many cases that if we use fairly strong 
solutions the observed conductivity differs to a cpnsiderable 

^ Archibald, Trans. Nov, Scot. Inst. 8ci., 1891, 9, 807 ; Jones and his 
ooUaborators, Amer. Chem. J., 1897, 19, 88; 1899, 88,6; 1900, 86, 849; 
liindsay, ibid., 1901, 26, 62. 
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extent from the calculated value, thus showing that double 
salt formation has taken place. 

Magnetic rotation^ has been used in a similar manner. 
The values for two separate substances are first obtained, and 
the rotation due to a mixture of them is calculated in the 
usual way from the mixture rule. The actual value found by 
experiment will differ from the calculated one, if any interaction 
between the salts occurs. 

The depression of the freezing-point of solutions has also 
been of service in this field. We first ascertain the depression 
produced by given quantities of the two components, and then 
calculate their joint effect upon the freezing-point. If this 
corresponds to the experimental results obtained with a solu- 
tion containing a mixture of the two components, no double 
salt formation has taken place at that temperature. If the 
calculated and experimental values do not agree, a double salt 
has been formed. 

6. Critebia of the Nature of Equimolecular Mixtures 
OF Optical Antipodes 

The last problem in connection with double salts which we 
need enter into is that of the nature of the crystals which are 
produced when equimolecular quantities of two optical anti- 
podes crystallize from a solution together. It is obvious that 
in this case we may have one of three possibilities : the sub- 
stances may form a true double salt; they may successively 
crystallize in separate layers round the same nucleus, producing 
a mixed crystal ; or, finally, they may simply crystallize out 
of the solution as a conglomerate, a mixture of crystals of each 
separate antipode. 

It is well known that the melting-point of a substance is 
lowered by the solution in it of a foreign substance. For 
example, the melting-point of water is very considerably 
lowered when salt is added td the liquid. Now, the same rule 
will hold even if the relative amount of the solvent be 
decreased; and, consequently, if we increase the amount of 
solute and diminish the amount of solvent, we shall eventually 
reach a minimum value for the melting-point of the mixture. 
> Schonrook, Zeitsch. physikal. Chem., 1898, 11, 776. 
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If the process be continued, it is clear t^at eventually the 
solvent will be present in less quantity than the solute, so 
that their relative positions are altered : what was at first the 
solvent now becomes the solute. When this point has been 
passed, the melting-point of a mixture of the two bodies will 
rise rather than fall, for the proportion of solvent to solute is 
now steadily increasing. 

Let us apply this to the case of two optical antipodes. 
Suppose that they do not combine with each other chemically ; 
in that case we may have a conglomerate or a mixed crystal 
present in the solid condition. 

If A (Fig. 3) represents the melting-point of, say, the 
dextro form, then as some of the 
Isevo variety is gradually added to 
the pure dextro form, the melting- 
point of the mixture will gradually 
fall until it reaches a minimum at 
C, when equal quantities of the 
dextro and kevo forms are present 
in the mixture. Now, let F repre- 
sent the melting-point of the ksvo 
form. Since the melting-points of 
optical antipo4es are identical, DF 
will be equal to BA. As we add 
more and more of the dextro form 
to the laevo substance, the melting- 
point of the mixture will fedl just as the last case, and in the 
end it will be represented by the point C. It is evident that at 
C both antipodes will be present in equal proportions. Hence, 
if we add to such a mixture as this a small quantity of either 
antipode, the melting-point of the new mixture will be higher 
than that of the equimolecular mixture. 

In the case of a mixed crystal composed of two optical 
antipodes, there are various possible forms for the curve repre- 
senting the melting-points of a set of mixtures of different 
composition. Of these possible curves, only two have been 
as yet observed in practice. They are of the forms shown in 
Figs. 4 and 5. 

It has been found that the oximes of dextro- and laevo- 
camphor, for instance, form a series of mixed crystals, all of 
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which have the same melting-point. The curve of the melting- 
points of these mixtures is therefore a straight line An 
example of the other form of curve is furnished by the car- 
voximes. In this case a maximum is found, as shown in the 
figure. 

With regard to racemic substances, we have an actual com- 
pound present. Consequently, since we are now dealing with 
three substances (the two antipodes and the racemic compound), 
we shall have two sets of curves, one showing the relations 
between the dextro antipode and the racemic substance, the 




1009^ 



Fia. 4. 




100^ 



other illustrating those between the racemic compound and the 
leevo isomer. Figs. 6 and 7 show possible forms of the curves. 
This case is really a repetition of the one we first dealt with, 
but here the figure is repeated twice over. If the racemic 
compound be considered as taking the place of one of the 
antipodes, A represents the melting-point of the dextro form, 
H that of the Isevo isomer, and D that of the racemate. The - 
abscissse along BK represent graphically the percentages of 
dextro isomer and racemic compound present; while those 
along KG represent the percentages of racemate and Isevtf 
antipode. It can be seen that an addition of either the dextro 
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or the IsBvo form to the racemate will result in a lowering of 
the melting-point. 

We are now in a position to understand the method to be 
applied. We have before us an optically inactive crystalline 
body which is made up of equal quantities of dextro and Isevo 
forms ; and we have to decide whether it is a conglomerate, 
a mixed crystal, or a racemate. We take its melting-point. 
Then we add to it a small quantity of one of the antipodes, and 
take the melting-point of the mixture. We continue this pro- 
cess, adding each time rather more of the antipode than we 
used in the previous experiment. In this way we are able to 
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Pig. 6. 
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plot the curve of the melting-points of the mixtures. If this 
curve is a straight line parallel to the X axis, or if it is a curve 
of the type shown in Fig. 5, then we have a mixed crystal. If, 
on the other hand, we get first a fall in the melting-point, and 
then a rise as we increase the quantity of antipode in our 
mixture, it is obvious that we are dealing with a true racemic 
compound, for the curve will resemble one of those shown in 
Figs. 6 and 7. Finally, if the addition of more and more 
antipode to the inactive body produces a series of mixtures 
whose meltiag-points are higher and higher, then we evidently 
have merely a conglomerate before us, and the curve will 'be 
one of the branches of that shown in Pig. 3. 
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CHAPTER II 

THE PROBLEM OF THE OCEANIC SALT DEPOSITS 
1. The Stassfurt Salts 

In various parts of the earth, large tracts of sedimentary 
deposits have been discovered which contain very high per- 
centages of common salt. Such strata form the most valuable 
source of salt . at the present day ; but in addition to their 
practical value, they offer a further claim to attention on fiwjcount 
of some physico-chemical questions which their existence sug- 
gests. The most important deposit is to be found at Stassfurt, 
and we may describe its characteristics briefly before entering 
into a discussion of these problems. 

The salt strata in the Stassfurt district may be divided 
into four types. Beginning at the top, we have a layer of 
camallite (MgCl^ . ECl . 6H9O) mixed with a little rock salt ; 
this bed may be anything up to thirty metres in depth. Below 
this comes a stratum of rather greater thickness made up of 
kieserite (MgS04.H20): the percentage of rock salt in this 
layer is rather greater than in the carnallite bed. Deeper still 
we come to a zone in which the prevailing mineral is polyhalite 
(MgSO4.KaSO4.2CaSO4.2HaO); while the fourth stratum is 
chiefly made up of anhydrite (CaS04). The polyhalite and 
anhydrite regions are remarkable for the manner in which the 
characteristic minerals are interspersed with regular layers of 
rock salt: first comes a layer of rock salt; then a layer of 
polyhalite, then another layer of rock salt, and again a layer 
of polyhalite. Below the anhydrite strata lies the main bulk 
of the common salt deposits. Fig. 8 shows an ideal section of 
these strata. 

While the problem of the conditions under which the 
Stassfurt beds were laid down is most important from the 
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point of view of geology, it is evident that very little pro- 
gress could be made towards its solution by the means at the 
disposal of geologists. Apart from the suggestion that the 
alternating layers of salt and polyhalite, etc., owed their origin 
to the change of temperature with the seasons, there seemed 
little chance of any results of value being obtained. In the 
hands of van't Hoff and his collaborators, however, the whole 
question has been opened up and developed to such a point 




Pig. 8. 

that we can now tell even the temperature of the period at 
which any particular series of beds were deposited. In the 
following pages a brief account of these researches will be 
given. 

2. The Eesearches of Usiglio and of van't Hoff 

From the composition of the Stassfurt deposits, it seems 
probable that they were originally formed by the evaporation 
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of sea-water ; and hence it may at first sight appear perfectly 
simple to repeat the process in the laboratory by evaporating 
sea-water to dryness. This was carried out on a large scale 
by Usiglio ; ^ but the results obtained by him failed to corre- 
spond with the natural deposits in several important respects. 
For example, he obtained neither kieserite, polyhalite, nor 
anhydrite, though these substances are the predominant factors 
in the middle strata at Stdssfurt. 

Several causes probably contributed to the failure of Usiglio's 
experiments. In the first place, at the time when he carried 
out his work, the question of transition temperatures had not 
been thoroughly investigated, and consequently this important 
factor was perforce left out of the calculation. This alone 
would have made success very doubtful in the case of the 
deposition of double salts, but there were many other draw- 
backs to his method. In artificial experiments, even on the 
largest scale, there are many sources of error which prevent 
the action from proceeding on lines exactly parallel to those 
followed by the natural process. There may be supersaturation 
in a small tank ; the layers of two deposits may be so intimately 
mixed that it is difficult to determine which came down first ; 
or, again, after one solute has separated out from the solution 
its crystals may become crusted over with layers of a second 
solute, so that there may be no solid phase of the first solute 
in contact with the solution. 

It is therefore evident that, in order to obtain an insight 
into the conditions under which the Stassfurt strata were laid 
down, we must have recourse to methods more refined than 
the mere evaporation of sea-water. The question remained 
practically at this stage until the year 1887, when van't Hoff ^ 
and his collaborators attacked the problem from a different 
point of view. 

Instead of taking a solution like sea-water, which contains 
a very large series of solutes, van't Hoff in his researches 
worked from simple to more complex cases. The simplest 
case is, of course, that in which there is only a single solvent 
and a single solute. In such an instance, evaporation would 

> Usiglio, Ann. chim. phys. (iii.), 1849, 27, 92, 172. 

■ Van't Hoff, Zur Bildung der oseanischen Salzdblagerungen, vol. i. (1905), 
vol. ii. (1909). 
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proceed until the solvent was saturated with the solute, after 
which, if more solvent evaporated, the solute would begin to 
separate out iirom the mother-liquor. The case of two or more 
solutes is more complicated, and we must devote another section 
to its consideration. 

3. Solutions of Potassium and Sodium Chlorides 

If we dissolve two salts, such as sodium chloride and 
magnesium sulphate, in water, it is evident that we shall at 
once have a double decomposition taking place, so that if we 
were to evaporate the solution we should obtain a mixture of 
magnesium sulphate, magnesium chloride, sodium chloride, and 
sodium sulphate. The original two salts would give rise to two 
new salts, thus complicating the problem very considerably. 
It becomes clear, therefore, that if we are to deal with a case 
which does not involve these complications, we must restrict 
ourselves to two salts having a common ion, 0uch as two 
chlorides or two potassium salts. Further, we must be careful 
to select two salts which do not combine together to yield a 
double compound, as this would confuse the matter to some 
extent. 

We may choose, as a concrete example, the case of potas- 
sium chloride and sodium chloride; and we may take the 
temperature at the time of the experiment as 25° C. Under 
these conditions, a saturated solution of sodium chloride con- 
tains one hundred and eleven molecules of salt in a thousand 
molecules of water. Under the same conditions, a saturated 
solution of potassium chloride contains eighty-eight molecules 
of salt in a thousand molecules of water. 

Now, suppose we take a saturated solution of sodium chloride 

and add to it potassium chloride, two results will follow. In 

the first place, potassium chloride will be dissolved; but as 

more and more is added it will finally be present in greater 

quantity than the solution can take up, and further addition 

of it will have no efiect. The solution which we thus obtain is 

saturated with respect to both potassium chloride and to sodium 

chloride. It is termed a constant solution, and is composed of — 

Potassium chloride .... 89 moleoulee 

Sodium chloride 89 „ 

Water 1000 
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We most now attempt to express these relations graphically 
(see Fig. 9). We take two rectangular axes, OX and OY, and 

let distances measured 
along OY represent the 
number of molecules of 
potassium chloride in a 
thousand molecules of 
water, while distances 
along OX represent the 
analogous measurements 
__ for sodium chloride. Then 

20 40 cSo fl!b 160 p will indicate the satura- 

N«mberofmolecu.e.ofNaClIn«>lutfon. ^j^^ ^^^ ^j ^^ ^^j^^^^ 

with r^ard to potassium 
chloride, since OP is eighty-eight units in length. Further, 
B represents the saturation point of a solution of sodium 
chloride in water, OR being a hundred and eleven units in 
length. The co-ordinates of the point Q are, of course, thirty- 
nine along OY, and eighty-nine along OX. 

A consideration of the figure will show that the composition 
of any possible solution of sodium chloride and potassium 
chloride can be represented by some point inside the figure 
OPQE. Further, points outside OPQR represent merely ideal 
solutions ; for in practice any attempt to add to the solution 
more salt than can be represented by a point within the figure 
would result merely in the deposition of a corresponding 
amount of salt. 

Let us next consider the case of some definite solution, and 
see if we can foretell its behaviour on evaporation. Suppose 
we take as an example a solution containing forty molecules 
of potassium chloride and sixty of sodium chloride in a 
thousand molecules of water. To obtain the point correspond- 
ing to this composition, we measure sixty units along OY 
and forty units along OX, and in this way we find the point S. 
When we begin to evaporate this solution, it is evident that 
at first we do not alter the ratio of potassium to sodium chloride 
contained in it ; we merely remove the water. The solution 
therefore becomes more concentrated, while at the same time 
the ordinate and the abscissa of the point representing it 
maintain the same ratio to each other as before. Now, the 
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ordinate of any point on OV is obviously two-thirds of the 
corresponding abscissa; and the line OV represents a series 
of solutions in which the ratio of sodium to potassium chloride 
remains always the same, though the proportion of water 
present decreases as the distance from increases. 

As we evaporate the solution, then, the point representing 
its composition will move from S along OV in the direction of 
V. When it reaches the point T we have a solution which is 
saturated with potassium chloride, and consequently some of 
that salt will separate out. If the evaporation be continued, 
it is obvious that the point representing the solution's com- 
position cannot move along the dotted line TV, as no such 
solution can exist ; experiment shows that it moves as shown 
by the arrow, in the direction of Q. When, by further evapora- 
tion, the composition of the solution becomes that which is 
represented by the point Q, no further change takes place ; the 
two solutes are then present in such proportions that their 
rates of crystallization are exactly proportional to the quantity 
of each substance which is present in solution. The solution 
therefore yields crystals of a constant composition and goes 
down to dryness without change in concentration. The point 
Q is termed the CTid-point of crystallization. 

These results van't Hoff ^ summarizes in the following rule : 
"A solution in depositing a solute changes its composition 
away from that of a saturated solution of this solute alone." 

4. The Case of Carnallitb 

In the foregoing section we examined the c£^e of a solution 
containing two non-combining solutes ; in the present section 
we must take up a slightly more complicated case. When we 
mix together under certain conditions of temperature solutions 
of magnesium and potassium chlorides, a double salt called 
camallite is formed, which has the composition — 

MgCla.KCl.6H2O 

It is evident that the formation of this body differentiates the 
case of a solution of magnesium and potassium chlorides from 
the solution of sodium and potassium chlorides with which 

^ Van't Hofi, Qgeaniachen SaUablagerungen, i. p. 12. 
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we have dealt. Instead of two solutes we have now three : 
magnesium chloride, potassium chloride, and camallite. Thus 
we have to determine the solubility relations of — 

1. Potassium chloride in water. 

2. Magnesium chloride in water. 

3. Camallite in magnesium chloride solution. 

4. CamalUte in potassium chloride solution. 

As in the last case, we take two rectangular axes, along one 
of which we measure the number of molecules of potassium 
chloride in a thousand molecules of water, while along the 




O' 2b 4b 55 SET 

Number of molecules of KCl In the solution 
Pig. 10. 



other we measure the number of molecules of magnesium 
chloride in the same quantity of water. The point A (see 
Fig, 10) represents a saturated solution of potassium chloride 
(88 KCl in 1000 molecules HgO). The point B represents 
a saturated solution of magnesium chloride (108 molecules 
MgCla in 1000 HaO). 

Now, suppose we take the saturated potassium chloride 
solution represented by the point A and add to it some mag- 
nesium chloride. The two salts at once combine to form 
camallite. Consequently the solution is really one containing 
camallite and potassium chloride; so that by the continual 
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addition of magnesium chloride we are really approaching a 
constant solution of carnallite and potassium chloride instead 
of a constant solution of magnesium and potassium chlorides. 
This constant solution is obtained when we have present — 

PotasBiam chloride .... 11 molecules. 
Magnesium chloride .... 72*5 ,, 
Water 1000 „ 

This point is represented on the figure by the point E. 

If we begin with a saturated solution of magnesium chloride 
and add to it potassium chloride, a similar process takes place. 
The added pot«wsium chloride combines with the excess of 
magnesium chloride, forming carnallite again ; but in this case 
the constant solution formed by continued addition of potassium 
chloride is one containing carnalUte and magnesium chloride 
and having the composition — 

Potassium chloride .... 2 molecules. 
Magnesium chloride .... 105 „ 
Water 1000 

In the figure this is represented by the point F. 

If, as in the previous section, we take the case of a solution 
of the composition shown by the point S, we can now tell 
exactly what will happen when it is evaporated. In the first 
place, water will be driven off, and the point S will move along 
OV towards V until it reaches T, beyond which it cannot go. 
At this point there is an excess of potassium chloride in the 
solution, and as the concentration increases it is found that this 
separates out. That is to say, the point representing the 
solution will move from T along TE towards E. 

At this point there are two possible courses open. If we 
remove from the vessel all the solid potassium chloride which 
separates out from the solution, the composition of the solution 
will follow the line EF, becoming richer in magnesium chloride. 
In this case, F is the end-point of crystallization. On the 
other hand, if we do not remove the solid potassium chloride 
from the solution, it is attacked by the magnesium chloride 
with the formation of carnallite, which then crystallizes out. 
In this case the composition of the solution remains constant, 
and a continuous separation of carnallite takes place. 

Of course in this, as in the previous figure, the lines should 
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not be quite straight^ but the deviation from straightness is 
probably not great. 

5. The Casb of the Chlorides and Sulphates of 
Magnesium and Potassium 

We must now proceed to examine a still more complicated 
case^ in which the number of possible constant solutions in- 
creases greatly. If to a solution of potassium chloride we 
add magnesium sulphate, we obtain in the consequent double 
decomposition a solution which contains four salts : potassium 
chloride, potassium sulphate, magnesium chloride, and mag- 
nesium sulphate. As we shall find later, it contains other 
salts as well ; but for the present we may confine our attention 
to these. 

As in the last case, we must determine the splubility of 
each of the four salts in water. The number of molecules of 
each salt which can be dissolved in a thousand molecules 
of water is given in the following table : — ^ 

A. E,C1, 44 moleoulefl * 

B. MgCl, 108 

0. MgS0,.7H,0 .... 66 

D. K,SO, 12 

To this table we have to add a second showing the relations 
between camallite and its components — 

Molecules of 
K2CIS MgOls aaturate 1000 HtO 

E. E,C1, and camallite . 6*6 72*6 

F. MgGl^ and camallite . *. 1 105 

Then we have to take into account the relations of mag- 
nesium chloride to the two hydrates of magnesium sulphate, 
as well as the reciprocal relations of the two latter bodies. 
These are expressed in the following figures : — 

Molecules of 
MgClt MgS04 saturate 1000 HsO 

G. MgCl, and MgS0,.6H,0 . . 104 14 

H. MgOl,, MgS0,.7H,0 and MgS0,.6H,0 73 16 

^ For these and the following figores and diagrams, yan*t Hoff *b OeeafiMchen 
Salzdblagenmgen has been utilized. 

* Van't Hoff reckons potassium chloride in terms of double molecules in 
order to bring it into line with the other salts. 
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The formation of MgS04 . 6H2O is due to the dehydrating action 
of the magnesium chloride ; so that the hexahydrate is formed 
only in solutions containing that substance. 

When the sulphates of magnesium and potassium occur in 
the same solution, there is a possibility of the formation of the 
double salt schdnite, MgSO4.K2SO4.6HaO, so that this in 
turn must be taken into account. We therefore obtain two 
more sets of data — one showing the relation of magnesium 
sulphate to schonite ; the other giving the relation of schonite 
to potassium sulphate — 

Molecules of 
MgS04 KsSOi in 1000 moll. HfO 

1. MgSO^.THjO and sch5nite 585 5'6 

K. ILfiO^ and schdnite ... 22 16 

To complete the series, we now require to know the 
relations between potassium sulphate and potassium chloride. 
These are given in the following figures : — 

Molecules of 
KtCls KsS04 In 1000 mols. HfO 

L. E,SO, and E,C1, ... 42 1*5 

In the foregoing data we have taken each substance sepa- 
rately ; then we have taken their double salts ; and finally we 
have taken them in pairs. We must next take the data found 
when the substances are present three at a time. These data 
are given in the table below : — 

M. E,C1„ E,S04, schonite . 

N. KjOli, MgSO^.YHjO, schdnite . 

P. K,01„ MgS0,.7H,0, MgS0,.6H,0 

Q. E,C1,, oamallite, MgS0«.6H,0 . 

B. MgCl,, caraaUite, MgSO^.GKsO 

These figures complete the data required, and we must now 
proceed to express them graphically. For this purpose van't 
Hoff chose rectangular axes as in the previous cases, and 
carried out the construction of his figure in the following 
manner (see Fig. 11). Along the axis OA he measured off 
forty-four units, corresponding to the quantity of potassium 
chloride required to saturate a solution. Similarly the point B 
represents the saturation point of a solution of magnesium 
chloride, point represents a saturated solution of magnesium 
sulphate, and D a solution saturated v\dth potassium sulphate. 



Molecules of 




K^l, MgCl, 


MgSOf in 1000 mols. HsO 


15 21 


11 


9 55 


16 


8 62 


15 • 


4-5 70 


18-5 


2 99 


12 
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The positions corresponding to the constant solutions are then 
filled in as before at E, F, G, H, K, and L. 

The diagram which we thus obtain is not satisfactory, 




K2S04axis 



Pig. 11. 



KgCloaxIs 



however, as the following consideration shows. Let us take 
the concrete case of two solutions, one of which (I.) contains 

10 molecules EaCIa 
20 molecules MgCls 
molecules MgSO* 
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while the other (II.) contains 

30 molecules E2CI3 
20 molecules MgCla 
20 molecules MgS04 

If wo attempt to insert these in the plane figure (Fig. 11) we 
must for case (I.) measure from ten units along OA, then 
turn at right angles and measure twenty units parallel to the 
direction OB. This will place us at the point X, which should 
thus represent the composition of the solution I. In the case 
of solution II., we start again, from 0, measure thirty units 
towards A to represent the quantity of K3OI2 present; then 
in the reverse direction — towards C — measure twenty units to 
represent the amount of MgS04 in the solution. This leaves 
us at a point ten units from in the direction OA. We then 
measure from this point twenty units up the paper in the 
direction OB, and this brings us in this case also to the point 
X. Thus two solutions would be represented by the same 
point X. 

In order to avoid such confusion, van't Hoff inserted 
another co-ordinate into his scheme. From every point in 
the plane of the paper he raises a perpendicular whose length 
is proportional to the number of molecules of all kinds which 
are present in the solution. For example, in the two cases 
given above, a perpendicular would be raised from the point 
X ; on this perpendicular we should cut ofT a distance of thirty 
units (10 molecules E2GI2 + 20 molecules MgGl2 = 30 molecules 
in all), and the point thus obtained would represent solution 
(I.). Since solution II. contains seventy molecules, we should 
have to travel seventy units up the perpendicular from X 
before we arrived at the point which represents its composition. 

When we have in this way filled in the five points 
corresponding to the solutions M, N, P, Q, and E, we shall 
have the outline of a space-model whose appearance is shown 
in the perspective sketch. Fig. 12. Each face of this model 
represents a solution saturated with the salt whose name is 
placed upon it in the figure. 

We must now endeavour to see how this model can be 
utilized. As far as the edges are concerned, there is no 
difficulty; the lines AE, BF, etc., have exactly the same 
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meaning as the lines in Figs. 2, 3, and 4; and the route 
followed in crystallization can be foretold by the van't Hoff 
rule just as in the previous cases. The arrows in the figure 
indicate this. 



M£Cl2axl8 



The face FRGB represents 
MgCla-GHaO 



MgS04 axlB, 




Kg SO4 N^A KgClj axis 



Fig. 12. 

The case is not much more complicated if we start from a 
solution whose composition is represented by a point on one of 
the faces. Suppose we take the point S in Fig. 12. This 
point lies on the potassium chloride face, so that an evaporation 
of the solution will cause the separation of that salt. Since 
the point A represents a saturated solution of potassium 
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chloride, we join S to A. Then according to the van't Hoff 
rule, the point representing the composition of the solution 
will pass (as the solution is evaporated) along AS produced 
away from A. It will thus cut the edge MN in T, and there- 
after the crystallization process will follow the direction of the 
arrows as shown. 

We need not enter in detail into cases in which the point 
representing the composition of the original solution lies inside 
the surface of the space model; it is, of course, more com- 
plicated, but the same rules apply there also. 



MgS04 7H2O 



Schbnite 



K28O4 



^ ^^MgCla-eHgOv 

CD 



8' 



^ ^ Carnal lite ^ ^ 



Potassium 
Chloride 



M 



L 
Fig. 13. 



Since the space model is somewhat clumsy, we may replace 
it in a way by a simplified figure which gives equally well the 
relations between the various faces (see Fig. 13). 

6. The Case of Five Salts 

If to the salts dealt with in the last section we add sodium 
chloride, we shall obtain a solution which closely corresponds 
to that from which the upper bed of Stassfurt must have been 
laid down. The case is an extremely complicated one, there 
being no fewer than twenty-six different possible solutions 
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ACMtfCla) 
BiMhofite^,^?|D 



\^ 



MgS04.6H2< 




(Na2S04] 



B(K2C1|) 
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and combiiiations of solutes to be taken into account. We 



Blschofite 
MgCl2.6H20 



Kieserite 
MgSp4.H20 



Carnal lite 
MgCl2.KCl.6H2O 

Q 



MgS04.6H20 



Relchardtite 
MgS04.7H20 



W 



Astpakanlte 



Thenardlte 
Na2S04 



Kainite . 

X MgSO4.KCl.3H2O '^ 



Leonite . 

MgSO4.K2SO4.4H2O A 



Schonite 



AMgS04.Na2S04.4H20^^ ^^®0-^*^2S04.6H20 >^ 



Glaaerite 
2K2§P4-Na2S04 > ^ 



M 



Sylvine 
KCl. 



Pig. 16. 



may content ourselves with reproducing van't HofiTs sketch 
of the space model (Fig. 14) as well as the plane arrangement 

D 
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dfirived from it (Fig. 15). This model corresponds to a set of 
experiments carried out at a temperature of 25° C. 

7. The Influence of Time 

At this point we must deal with another factor in the 
question which complicates matters very considerably. In the 
course of his earlier researches, van't HoflF found that in many 
of the solutions employed by him supersaturation occurred, 
with the result that salts which should theoretically have 
appeared at a certain stage of the evaporation process did not 
begin to crystallize from the solution until much later. The 
salts which thus appeared in the wrong place were kieserite 
(MgS04.HaO), leonite (MgK2(S04)2 . 4HaO), and kainite 
(MgS04 . KCl . SHaO) Van't Hofif, in order to detect the 
presence of these bodies, brought into action the difierential 
tensimeter. The salts which now and then fail to crystallize 
at the points where they are expected are all dehydration 
products of salts already present in solution : they must there- 
fore be formed in a solution whose tension is smaller than that 
of the water of crystallization in the undehydrated salts. By 
means of the diflferential tensimeter, we can decide which form 
will appear. 

For example, at 25° C, the tension of the water of 
crystallization of magnesium sulphate hexahydrate is greater 
than the tension of a solution containing magnesium sulphate 
hexahydrate, camallitCy and magnesium chloride; and it is 
therefore to be expected that when the hexahydrate is brought 
into contact with the solution, it will be dehydrated. This 
actually occurs in practice, and can be detected by means of 
the tensimeter. Again, at 25° C. a saturated solution of 
schonite may be supersaturated with leonite, which contains 
two molecules less water of crystallization; so that this salt 
must be taken into account when the examination of the 
solution is made. 

These supersaturation questions naturally complicate the 
problem very much, for they result in crystallization hanging 
fire to a greater or less extent, and thus creating a discrepancy 
between theory and practice. 

There appears to be some relation between the retardation 



Digiti 



zed by Google 



THE PROBLEM OF OCEANIC SALT DEPOSITS 35 

of crystallization and a number which is called i}^^mean'oalmcy 
of compounds. This mean valency is obtained in the following 
manner. As a numerator we take the sum of the number of 
valencies of the ions into which the salt dissociates in solution, 
and add four units for each molecule of water of crystallization. 
The denominator of the fraction is obtained by adding together 
the number of ions and three units for each molecule of water 
of crystallization. 

A few examples will make the matter clearer. 

GypBum, CaSO, . 2H,0 .... f^y^ = l'^ 
Glauberite, CaNa,(SOJ, .... 2+|i4 ^ ^.g 
Oolemanite, Ca,B,0„ . 6H,0 . . \±^^±^ = i-83 
Aflcherite, MgBO^ ^^^]|^^ = 2-0 

In this series of substances, there will be less retardation in 
the crystallization of gypsum than in that of glauberite, while 
ascherite will show the greatest resistance to crystal formation. 

8. Pabaqenesis and the Influence of Temperature 

An examination of Fig. 15 will show that some of the 
rectangles are conterminous, while others do not touch each 
other. For example, the rectangles representing kainite and 
sohonite do not touch each other in any pointy while the 
rectangle denoting sylvine touches those symbolizing kainite, 
leonite, schonite, and glaserite. This indicates, as has been 
shown experimentally to be the case, that while sylvine can 
co-exist in solution with kainite at 25° C, astrakanite cannot 
do so. But if two substances cannot co-exist in solution it is 
evident that they cannot occur together in the same salt 
stratum; for their occurrence together would show that they 
had crystallized out side by side from the solution. Hence 
our space model can be made to serve another purpose, viz., to 
tell us whetb^ or not we can expect to find two minerals 
occurring in the same mineral layer. Further, if we do dis- 
cover cases in which astrakanite and kainite occur in the same 
stratum, then we can at once say that the temperature at the 
time of deposition could not have been 25"^ C. 
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This question of paragenesis, as van't Hoff called it, led him 
to take up an elaborate series of supplementary researches, in 
the course of which he determined, in the presence of sodium 
chloride, the transition temperatures of all the double salts 
shown in the following table : — 



Mineral 


. 




ComposlUon. 


SxiBteDce'lfmlta. 




Upper. 


Tiower. 


Thenardite . 
Glauber salt 
Kieserite . 
Schdnite . 
Beichardtite 
Hezahydrate 
Langbeinite 
Loewite 
Vanthoffite . 
Astrakanite . 
Leonite 
Kainite 






Na,SO, 
Na,SO,.10H,0 
MgSO,.H,0 
MgS0,.K,S0,.6H,0 
MgS0,.7H,0 
MgS0,.6H,0 
K,R0,.2MgS0, 
2MgSO,.2Na,SO,.6H,0 
MgS0,.8Na30,.4H,0 ' 
MgS0,.Na,S0,.4H,0 i 
MgSO,.K,SO^^O 1 
MgS0^.KC1.3H,0 ! 
1 


18 

26 
31 
86-5 

60 

61-5 

83 


13-6 
18 

18 
87 
43 
46 

4'6 
18 



These data furnish us with the means of foretelling the 
outlines of the crystallization process which will take place 
when a solution containing these salts is evaporated. Let us 
choose the temperature 84** C. as a starting-point. At that 
temperature, the only double salts which can exist are camallite, 
langbeinite, glaserite, vanthoffite, and loewite; l)ut crystals of 
bischofite (MgClg), kieserite (MgS04. HgO), thenardite (Na«S04), 
and sylvine (KCl) may also be formed. 

When the liquid cools down one degree, kainite (MgS04.- 
KGl . 3H2O) makes its appearance, as it has then reached its 
upper existence limit, 83° C. The solution will go on deposit- 
ing these ten minerals until the temperature falls to ei'S"^ C, 
at which point leonite (MgSOi . KaS04 . 4H2O) first occurs. 
One and a half degrees lower, astrakanite (MgS04.Na2S04.- 
4H2O) begins to be formed. The temperature must now fall 
to 46° C. before further change takes place ; but at this point 
we reach the lower limit for the existence of vanthoffite 
(MgS04 . 3!N'a2S04 . 4HaO), and it consequently ceases to be 
deposited from the solution. After the temperature reaches 
43° C, loewite (2MgS04. 2Na2S04 . SHaO) in turn disappears; 
and at 37^ C. langbeinite (2MgS04 . KaS04) also ceases to 
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crystallize out. At 35*5° C. it becomes possible for the hexa- 
hydrate of magnesium sulphate to be deposited ; at 31° C. the 
heptahydrate, reichardtite, appears, and at 26° C. we begin to 
find deposits of sohonite (MgSO* . KaSO* . 6HaO). 

When the temperature reaches 18° C, three simultaneous 
changes occur ; for on the one hand we reach the upper limit 
of existence of Glauber's salt, which therefore makes its appear- 
ance, while on the other hand we find that both kieserite and 
leonite disappear at this point. 

At 13*5° C, thenardite (NaaSOi) disappears, the Glauber 
salt taking ite place. Then, if the temperature falls half a 
degree, we reach the lower limit of existence of the hexahydrate 
of magnesium sulphate. Finally, at 4*5° C. astrakanite ceases 
to exist. 

Data such as these, however, only allow us to judge 
roughly the temperature which must have existed when a 
certain bed was laid down. A much more accurate method 
of determining this temperature is to be found in the state 
of paragenesis which is observed in the strata in question. 
We cannot go into the matter in detail ; but an examination 
of the annexed table,^ and of Figs. 16 and 17, will show the 
applicability of the method. 

For example, if we take the two figures representing the 
state of affairs at 47° 0. and 46° 0. respectively (Fig. 16), we 
see that if crystallization takes place at 46° C., langbeinite and 
astrakanite cannot occur together in the strata ; while if the 
temperature sinks lower to 46° C, they may appear as a 
mixture. Again (Fig. 17), at 31*5° C. kieserite and leonite can- 
not crystallize from the solution simultaneously ; if they occur 
together in a stratum, the deposition must have taken place at 
32° C. or above it. 

The objection might be made that the effect of pressure 
might vitiate these conclusions, but van't Hoff investigated 
this point, and showed that even the highest possible pressures 
would be practically without influence, 

We need not go into the details of van't Hoffs further 
researches upon the calcium salts and the borates ; the experi- 
mental methods employed were similar to those with which 
we have dealt. It will be clear that these investigations of 

^ Van*t Hoff, OMeamachen SdUdblageTV/ngent i. p. SB. 
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van't Hoff and his collaborators have yielded us what we may 
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call a " geological thermometer," by whose aid we may deter- 
mine the temperature which prevailed in the solution from 
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which certain strata were deposited : and in certain cases this 
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thermometer is so finely adjusted as to enable us to determine 
this temperature even to half a degree. 
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CHAPTER III 

ABSORPTION SPECTRA 

1. General 

When we endeavour to classify the physical properties of 
chemical compounds, we ISnd that we can divide them roughly 
into two categories : coUigative properties and non-coUigative 
properties. The first of these groups comprises properties 
which are dependent purely upon the number of molecules 
present in the specimen we are examining ; and of this type 
a good example is afforded by the pressure which a gas exerts 
at constant temperature. Non-coUigative properties are in 
turn divisible into two sections : additive properties and con- 
stitutive properties. It is very difficult to draw a hard-and- 
fast line between these two sections, for most properties are 
partly additive and partly constitutive. When we speak of 
an additive property, we usually mean one in which the 
number of atoms of each element in the molecule is the pre- 
ponderating factor ; while we regard as constitutive properties 
those in which the additive properties are masked by the 
greater influence of the mode of linkage of atoms in the 
molecule. 

It is self-evident that the study of additive properties is 
a much more simple line of research than the examination of 
constitutive properties. For instance, refractive index appears 
to be an additive relation, and its laws are already marked out 
in their main outlines ; but when we take dielectric constant — 
which is simply the refractive index for waves of infinite length 
— the constitutive factor overwhelms the additive one, and up 
to the present time no definite relation has been traced between 
structure and dielectric constant. 

Of all the constitutive properties of chemical compounds, 
the most . complex appear to be absorption spectra. A few 
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rough rules, some of which, like Armstrong's quinonoid hypo- 
thesis, are either mere words or obviously incorrect, are all that 
we have to guide us at the present time in tracing a connection 
between what is called " colour " and the chemical constitution 
of compounds. A considerable amount of time has been wasted 
in discussing the question of physiological colour, a phe- 
nomenon of very little scientific ralue, since it depends upon 
the crude perception of the human eye, which can be thrown 
out of gear by a dose of santonine, and which, at best, excludes 
more of the spectrum than it perceives. But even our finest 
instruments to-day probably include within their range only 
a very small portion of the complete electrical, thermal, and 
luminous spectrum of any substance^ 

When wo look at the sun, we see what is called the visible 
solar spectrum, that is, white light. If we hold up between 
our eye and the sun a beaker containing ferric chloride solution, 
we shall see a yellow colour. Now, it is obvious that the ferric 
chloride solution has added nothing to the sun's light; so if 
it has produced a change in the light which reaches our eye, it 
is clear that the solution must have abstracted something from 
the solar spectrum. What actually happens is that some of 
the rays of the spectrum are absorbed in the solution, so that 
instead of the solar spectrum, we now see what is called the 
absorption spectrum of ferric chloride. 

Suppose that instead of merely looking through the beaker, 
we place it in front of a spectroscope and pass the sun's light 
through the ferric chloride solution. By looking through the 
spectroscope we shall then find that, insteadM)f the whole solar 
spectrum being transmitted, some of the lines are absent, 
having been absorbed by the ferric chloride. By comparison 
with the usual solar spectrum we could easily determine 
exactly which lines have been absorbed, and in this way we 
should have a more or less accurate idea of the absorption 
spectrum of ferric chloride. In practice, however, this method 
suffers from many drawbacks, and instead of it we use the 
following arrangement 

In Fig. 18 the apparatus is represented diagrammaticaUy. 
E E are the electrodes of an arc light. C is a cell containing 
the solution whose absorption spectrum is to be measured. 
S is the slit of the spectroscope. P is the prism. is a 
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photographic camera, containiDg a plate, Q. The electrodes, 
E E, may be of any metal or alloy which gives a well distributed 
series of lines in its spectrum ; an iron arc is sufficient for 
most purposes. The cell, C, must have quartz ends, through 
which the light of the arc may pass to the slit S. If glass 
ends were used, a very large proportion of the invisible ultra- 
violet part of the spectrum would be cut ofif ; for 
though glass is transparent to the visible spectrum, 
it is almost opaque with respect to the ultra-violet 
region. The spectrum of the arc is thus thrown 
upon the plate ^ and by means of a diaphragm 
just in front of the plate it is reduced to a narrow 
band. With the usual form of photographic spectro- 
scope, the band is about five inches long and a 
quarter of an inch wide. 

Before we can utilize the spectroscope for study- 
ing absorption spectra, however, it is necessary to 
prepare what we may call a standard plate. That 
is to say, we must have a photograph of the pure 
arc spectrum, and be able to identify the lines 
upon it. Suppose we are working with an iron arc. 
We first photograph the spectrum of the arc pure 
and simple, amoving the cell C. This negative 
forms the basis of our standard 
plate. We then smear some salt, 
say lithium chloride, upon the arc, 
and take another photograph of 
the spectrum. In^Jiis new photo- 
graph we shall have not only the 
iron spectrum^ but in addition to 
it the characteristic lines of the 
lithium, spectrum. A comparison 
of the two negatives will^enable us 
to detect the lithium lines. We now look up the tables of the 
lithium spectrum, and pick out one or two of the chief lines 
whose wave-lengths have been accurately determined. These 
lines we must next pick out on the lithium-iron plate. Having 
found them, it is clear that we shall be able to find some 
characteristic lines in the iron spectrum close to them. We 
look up the position of these iron lines in the table of the iron 
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spectrum, and thus find the exact wave-length in that part of 
the spectrum. It is obvious that here we have a double control : 
the lithium spectrum and the iron spectrum. All that now 
remains to be done is to note with a mapping pen on the margin 
of the standard plate the exact wave-lengths of the lines in the 
iron spectrum whose position we have thus established. Other 
salts are smeared upon the arc, and a series of photographs 
containing iron spectra interspersed with characteristic lines of 
the spectra of other elements, is thus obtained. In this way 
we obtain the bearings, so to speak, of a series of points in the 
iron spectrum, and the intermediate points are filled in by 
interpolation. 

Having now got our standard plate, we must proceed to 
apply it in mapping absorption spectra. We fill up the cell C, 
and adjust it so that the light of the iron arc passes through a 
tenth-normal solution of, say, quinone in alcohol of a certain 
thickness, t,g. 80 mm. We give an exposure of, say, fifteen 
seconds, and then develop the plate. On examination, the 
negative will be found to contain only part of the iron spectrum ; 
for the quinone solution will have absorbed a portion of the 
rays. We lay the negative side by side with the standard 
plate, and are thus enabled to read ofif the wave-length at 
which the absorption begins.* 

Instead of using wave-lengths, it is more usual to reckon 
in frequencies — ^that is, the reciprocals of the wave-lengths. 

It is clear that the absorption spectrum which we obtain in 
this way is conditioned by three things : the length of the 
exposure; the strength of the solution; and the tIuckagaa.of 
the layer through which we photograph. Taking the case of 
a tenth-normal solution of quinone as an example, we shall 
find the following. If we begin with a layer of solution 
80 mm. in thickness, we find that all the spectrum beyond a 
frequency of about 2000 is absorbed (see Fig. 19, No. 1). 
When we reduce the thickness of the layer of solution in the 
cell to 70 mm., a somewhat peculiar phenomenon occurs. The 

* The best modem spectrographs are provided with a scale of wave-lengths 
which can be photographed directly on the plate, side by side with the 
spectrum. In this way the frequent use of a standard plate is rendered 
unnecessary in actual practice ; though the scale must be checked by means 
of a standard plate at intervals to make certain that it has not got out of 
adjustment. 
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part of the spectrum to the left of 2000 comes through fts 
before, but in addition to it a small portion of light is trans-, 
mitted at a frequency of about 2800. This is shown in Fig. 19, 
No. 2, When we reduce the thickness of the layer in the cell' 



Red end of epaotpum 
1000 
80 



fxrtpa-vlolet end ,of •paotmim 



2000 



2400 



2800 



3200.wflpeqaenoles 




I [ Tranemltted light 
H| Absorbed Ifght 



Pig. 19. 



to 60 mm., we find that this band of light transmitted at 2800 
is a little broader, and it continues to increase in breadth as 
we reduce the thickness of solution through which the light is 
passed. In the end (see Nos. 14 and 15) the light absorption 
between 2000 and 2800 becomes reduced to a minimum and 
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finally disappears, so that we have complete transmission. 
The rough triangle of absorbed light extending from No. 2 to 
Ko. 14 in Fig. 19 is called an absorption band. It will be 
observed that this band has a portion of transmitted light on 
either side of it. When no second portion of the light is 
transmitted, as in No. 1, we have what is called general 
absorption.* The extreme apex of the absorption band which 
is shown in No. 14 is called the head of the band. The 
raggedness of the line running down from the frequency 2000 
is due to experimental error, and is brought about by the fact 
that the iron spectrum is not quite uniform.! Some of the 
lines are strong, and others are weak, so that the readings are 
influenced to some extent. A group of strong lines may be 
transmitted where the weaker ones would not appear, so that 
iijL some cases our readings are a little too high, in other cases 
a little too low. 

Hartley was the first to see the value of results such as we 
have described. He pointed out that in this way we could 
obtain a map of the absorption spectrum of a compound which 
would serve to identify it completely, for each substance has 
its own particular type of absorption spectrum. Some give 
shallow bands, some deep, and some none at all, but only 
general absorption. Again, some substances have one band, 
some two, and others many. 

It is clear that the diagram in Fig. 19 would be too clumsy 
a mode of reproducing the results obtained, and Hartley there- 
fore devised what are called curves of molecular vibration. 
The ordinates in this system represent the thickness in milli- 
metres of a given solution, say a tenth normal one, and the 
frequencies are plotted as the abscissse. Baly and Desch^ 
suggested that instead of the thickness being plotted on the 
ordinates, it would be more advantageous from some points of 
view to use the logarithms of the numbers representing the 
thicknesses, and this is the method now genercdly employed. 
Fig. 20 shows the molecular vibration curve of quinone in 

* When an absorption band is present, we have what is called selective 
absorption. 

t Hartley has employed electrodes composed of an alloy of lead, tin, and 
oadmium ; the spark spectrom produced with this is practically continuous, 
and thus the disadvantages of the iron spectrum are avoided. 

' Baly and Desch, Trans,, 1904, 86, 1029. 
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Cki'illation frequencie*. 




alcoholic solution plotted in this manner. The data on which 
the curve is based are the same as those from which Fig. 19 
was drawn. The head 
of the band lies near 
the intersection of the 
lines 40 and 2200. 
There is one other term 
which it may be advis- 
able to make clear be- 
fore proceeding further, 
viz. the persistence of the 
band. By this term we 
mean the change of dilu- 
tion over which the band 
remains in existence. 
An examination of the 
figure will show that 
the band comes into 
existence just above the 
line 48 and disappears ^'J;;""^ 

just below the line 40. . ^' ' : ^ \ /i^ '-* c ^*<< ' '^ ^ 

It has therefore persisted over a change (tf dilution represented 
logarithmically by eight units. 

In the following section we shall discuss the application of 
this method of investigation to the determination of the 
constitution of substances which cannot successfully be dealt 
with by purely ciiemical means. 

2. The Hartley Method 

Among the most interesting compounds in organic chemistry 
are those which are termed tautomeric (or desmotropic, pseudo- 
meric, phasotropic, merotropic, or isodynamically isomeric). 
Whatever name be applied to these substances, their chief 
characteristic is that an apparently homogeneous mother-sub- 
stance can give rise to two isomeric derivatives according 
to the conditions under which the substitution reaction' is 
carried out. The best known example of this class is the 
substance aceto-acetic ester, which is usually supposed to have 
the constitution — 

CHa— GO— CHa-'COOEt 
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When this body is treated with sodium and then with methyl 
iodide, it produces a methyl derivative to which the following 
formula is ascribed : — 

CHa— CO— CH-COOEt 

CH3 

Here the methyl group is attached to one of the carbon atoms. 
If, on the other hand, we treat aceto-acetic ester in ethereal 
solution with diazomethane, we obtain an isomeric methyl 
derivative in which the methyl group is attached, not to carbon, 
but to oxygen — 

CHfl— C : CH— COOEt 



A 



.CH3 

It appears, therefore, that aceto-acetic ester may react as if it 
had either of the two formulae shown below — 



CHs— CO-CHa— COOEt CHg— C : CH— COOEt 

)H 



Ai 



Now Hartley found that the replacement of hydrogen by 
a methyl or ethyl radicle produced very little change in the 
selective absorption of substances, except in some special cases. 
In general, the members of a homologous series show a slight ' 
increase in general absorption as we go up the series, but in 
other respects there is very little change in the spectra. But 
if we take the spectra of two such substances as the alkyl 
derivatives of ortho-hydroxy-carbanil, whose constitutions are 
represented below, we shall find that we have hit upon a case 
in which the replacement of a hydrogen atom by an alkyl 
radicle has made a considerable difference in the absorption 
spectrum — 

C6H4/ NCO CeH*/ \c— O.C2H5 

O2H5 

Lactam form. Lactim form. 

The absorption spectra of hydroxy-carbanil and of the two 
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ethyl derivatives (lactam and lactiin forms) are shown in 
Fig. 20,* and it is evident on inspection that we have here 
two diflferent types of absorption spectra. The spectrum of the 
lactam-K^ompound differs completely from that of the lactim- 
ether. Now, when we compare the spectrum of the mother-sub- 
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Lactim ether 



Stance with those of the derivatives, it is obvious that it resembles 
the spectrum of the lactam-body rather than that of the lactim- 
ether. From this, Hartley deduces that the mother- substance 
must have a constitution resembling the lactam-form rather 
than one akin to the lactim-type. We should, therefore, 

* The ourves are reproduced from Hartley's work, and it should be noted 
that the ordinates represent thioknesses of solution, and not logarithms of 
thicknesses. 

E 
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ascribe to hydroxy-carbanil the constitution (I.) rather 
than (II.)— 

(I.) C6H4<^ ^CO (II.) C6H4<^ ^C— OH 

This gives some idea of what is known as the H8u*tle7 
method of determining the constitution of organic compounds. 
It has proved itself of great importance in many cases, and is 
certainly one of the most accurate in the solution of these 
problems. 

3. The Benzene Spectrum 

It will be remembered that during the last generation, 
organic chemistry has entered upon a new stage in its career. 
Half a century ago, the arrangement of atoms within a molecule 
was supposed to be more or less rigid, and even Eekul6 was 
unable to shake this fixity in the minds of his generation. 
Since his day, however, things have progressed a little ; we no 
longer regard atoms as fixed points, but rather as bodies vibrat- 
ing about mean positions; and the benzene formula, which 
Kekul^ described as a system in vibration, has once more 
become dynamic, after a considerable static existence. Even 
after Eekul6 had shown the way, various authors put forward 
suggestions for rigid benzene formulae. Amongst these we need 
mention only Olaus, Dewar, Armstrong, Thomson, Ladenburg, 
and Sachse. 

In 1897, Collie^ described a benzene space formula based 
upon the idea that benzene was a system of twelve atoms, all 
of which were free to vibrate either about their own axes or 
about mean positions in space ; and he showed that by means 
of this model the older rigid formulaa could be represented 
merely as phases in the vibrations of the benzene molecule. 
Several years later. Collie,^ in conjunction with Baly, examined 
the absorption spectrum of benzene, with which we must now 
deal. 

Hartley and Huntington^ photographed the absorption 

» Collie, Trans,, 1897, 71, 1018. 

* Baly and CoUie, TroM,, 1906, 87, 1882. 

» Hartley and Huntington, PWi. Tram,, 1879, 170, i. 267. 
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Frequenaes. 



spectrum of benzene, and described it as containing seven 
bands in the ultra-violet region. Later, Hartley and Dobbie 
found only six bands. A re-examination of a considerable 
number of photographs of the spectrum ^ led to the conclusion 
that Hartley and Huntington were correct, and that the 
spectrum of benzene contcdns 
seven bands and not six. The 
difficulty of detecting and 
identifying the seven bands 
was considerable, for, as can 
be seen from Fig.^21^ they are 
situated very close to one 
another, and are very narrow. 
We must now turn to the 
theoretical views put forward 
to explain this series of phe- 
nomena. Baly and Collie 
started from the assumption 
that the bands in the absorp- 
tion spectrum of benzene were 
due to a making and breaking 
of linkage between the carbon 
atoms of the benzene ring. 
When we speak of a change 
of linkage, however, we per- 
haps run the risk of being 
misunderstood. What is really 
meant is that a variation in 
the amount of affinity exerted 
between two atoms takes place. 
From this it is clear that we 
must ascertcdn the number of 
the different possibilities of 
attraction between any two 
atoms in the benzene riug ; for it is evident that all the atoms 
of a closed system must exert some effect — even though it be 
only a small one — upon each other. We have thus to find out 
how many pairs of atoms, each different in character from the 
others, we can find in the benzene system. In point of fact, 
> Baly and GoUie, Tram,, 1906, 87, 1832. 
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there are three such pairs : for the carbon atoms may be in the 
ortho-, meta- or para- positions to each other ; there is no fourth 
arrangement possible. We must then take into account the 
fact that two of these exchanges may synchronize, which would 
give rise to a new type of vibration whose period would 
probably differ from any of the original three. Examination 
will show that there are three such possibilities, viz. when the 
atoms 1, 2, 3, 4 or 1, 2, 3, 5 or 1, 2, 4, 5 are simultaneously 
undergoing change of linkage. Finally, we have a seventh 
case, in which all six atoms of the benzene nucleus are ex- 
changing affinity at the same time. These seven phases of 
linkage change are represented below, the atoms which are 
supposed to be changing their linkage being marked X — 

X X X X 

1- r>, n A? 




y 



X 


X 


X 

x/\x 


V^ 




x^x 



Each of these possible phases of linkage-change differs 
from the others to such an extent as to make it not unreason- 
able to suppose that the vibration set up by each will differ 
from the others sufficiently to produce a different band in the 
absorption spectrum. 

The vibrations of Collie's space formula for benzene make 
it clear how the required alteration in affinity could occur in 
each of the seven cases, but of course there is no possibility at 
present of our being able to refer each of the seven bands to 
its proper source. Such a task would require very many more 
experimental data than we have yet at our disposal. 

It seemed of some interest to examine the absorption spectra 
of hexasubstituted derivatives of benzene in which all the 
hydrogen atoms are replaced by six similar atoms or groups. In 
this way we obtain a new substance which is as symmetrical 
as benzene, and it was thought that new light might be thrown 
upon the vibrations of the benzene system, Crymble, Stewart 
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and Wright* examined the spectra of several derivatives of 
this type, and found that the result of the substitution was to 
blurr the seven bands, a broad absorption band taking their 
plaoe. From this it appears that even groups with so little 
residual affinity as the ethyl radicle are capable of interfering 
very meu-kedly with the exchange of affinity which may be sup- 
posed to take place between the atoms of the benzene system. 

4. The Problem of General Absorption 

In recent years the study of absorption spectra has been 
for the most part confined to those questions which centre 
round the selective absorption of organic compounds, and it is 
not difficult to trace the causes which have led to this con- 
centration of attention upon a particular section of the subject. 
The problem of the origin of colour in organic bodies attracted 
the attention of chemists both from the theoretical and, in the 
case of dye-stuflfs, from the technical standpoint. Now, visible 
colour depends to a very considerable extent upon the presence 
in the visible region of absorption bands ; and when the work 
of Hartley had brought the investigation of the ultra-violet 
region into prominence, it was natural that the idea of colour 
should be enlarged to include bands in the invisible ultra-violet 
as well as the corresponding phenomenon in the visible region. 
And since in the visible region the hardest-fought controversy 
from the chemical point of view had centred round the 
presence or absence of absorption bands, it was only to be 
expected that similar discussions would arise as to the meaning 
of the numerous bands which were soon found to exist in the 
ultra-violet section of the spectrum. A second cause of the 
preference shown for the investigation of selective absoi-ption 
is easy to detect. When we are dealing with substances which 
show absorption bands, a very slight alteration in their chemical 
structure is sufficient to produce a marked alteration in the 
character of the banded spectrum ; and it is this delicacy which 
makes selective absorption so fascinating to those who delight 
in theory-making. General absorption, on the other hand, is 
by no means so readily affected by minute constitutional 
changes. An examination of the curves on p. 49 will show 
^ Crymble, Stewart and Wright, Unpublished obaervation. 
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that while the bands in the spectra of the lactam and lactim 
ethers of hydroxy-carbanil are totally different in character, 
the general absorptions of the two substances differ but little 
from each other. Thus in the case of selective absorption we 
are dealing with a property which is susceptible to extremely 
minute influences; while in general absorption we have to do 
with forces which must differ markedly from each other before 
we can detect their effects. 

When a compound is studied by the organic chemist there 
are seven chief questious which demand an answer : 

1. What elements does the molecule contain ? 

2. In what proportion are the various elements present ? 

3. What is the number of the atoms in the molecule ? 

4. In what order are the atoms linked together ? 

5. Is the substance saturated or unsaturated ? 

6. How are the unsaturated centres of the molecule related 
to each other ? 

7. What is the arrangement in space of the atoms within 
the molecule ? 

Each of the factors indicated in the above questions enters 
into the problem of general absorptive power ; and for the sake 
of convenience we may take them up in turn. 

With regard to the influence of the various elements upon 
general absorption, it is impossible to lay down any hard-and- 
fast rules. Saturated open-chain hydrocarbons are usually 
distinguished by being extremely diactinic; and the intro- 
duction of halogen atoms into the molecule generally tends to 
increase the power of absorbing light. When we turn to other 
elements such as nitrogen, sulphur, or phosphorus, we com- 
plicate the problem by the introduction of unsaturation ; so 
that it is hard to estimate the exact part played by the new 
element. The question is of considerable importance, however, 
and it is to be hoped that some investigator may find time to 
throw some light on the point. 

From the point of view of spectroscopy, the second question 
is so closely connected with the first that no progress can be 
made in this direction until the first problem is in a much more 
advanced stage. 

Turning now to the infiuence of the number of atoms in a 
molecule, we come to the question of homologous series. It 
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has been found that if we examine the spectra of the methyl, 
ethyl, propyl and butyl derivatives of a given substance, the 
power of general absorption increases m we go up the series. 
This was established in 1879 by Soret and Eillet ^ in the case 
of the alkyl nitrates ; and it appears to be a general property 
of homologous series. Each atom in a compound seems to exert 
a small amount of absorptive power, and by adding atom to atom 
we eventually obtain quite a marked effect on the spectrum. 

We next come to the fourth point, the manner in which the 
atoms are linked together within the molecule ; and here, again, 
if we confine our attention to saturated substances the data are 
very sparse. Crymble, Stewart and Wright* have found that 
in the case of the alkyl bromides the normal substance has a 
much weaker power of ab3w»ption than the isomeric iso-form. 
For example, normal propyl bromide (I.) is much less absorptive 
than iso-propyl bromide (II.) : 

CHav 
CHs . CHa . CHa . Br >CH . Br 

CHa/ 

(I.) (11.) 

Besults of this type might indicate that a symmetilcally built 
molecule has more absorptive power than an isome^c molecule 
in which the groups are unsymmetrically distributed. 

When we take up the question of the influence of unsatura- 
tion upon the generd absorptive power of molecules, the data 
are very full.® It has been established, largely by the monu- 
mental researches of Hartley, that if we compare the spectra 
of a saturated and an unsaturated hydrocarbon, the unsaturated 
substance will greatly surpass the saturated one in its power 
of absorbing light. Since cyclic carbon chains are really 
unsaturated bodies, it might be expected that this class would 
show a higher absorptive power than open-chain bodies, and 
this has been found to hold good. With regard to the influence 
of the triple bond upon absorption there are very few data 
available; but it appears^ that its effect is not so strong as 
that of the ethylenic linkage. 

i Soret and Bmet, C,r,, 1879, $9, 747. 

* Orymble, Stewart and Wright, Unpublished observation. 

* Hartley, Br^i. Assoc, Report, 1908. 

* Stewart, Trans,, 1907, 91, 199 ; Ley and Engelhardt, ZeiL physikal 
Chem,, 1911, 74, 811. 
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We must now pass to the question of the effect produced by 
the introduction into the molecule of more than one unsaturated 
group ; and at this point we reach a branch of the subject in 
which chemical constitution plays a very important part. 

One of the best known characteristics of ethylenic bonds 
is their faculty of uniting with one molecule of bromine to form 
a dibromo-derivative, thus — 

CHs— CH=CH— CHa CHa— CH— CH— CH3 



k ^ 



Br — Br Br Br 

Let us now take the case of a substance containing two double 
bonds which are separated from one another by the interposition 
of one or more methylene groups. If to a gramme molecule of 
such a compound we add one gramme molecule of bromine, we 
shall find that the halogen is absorbed by one of the double 
bonds, while the second double bond remains intact, thus — 

CH3— CH : CH— CHa-CH : CH— CH3 
Br— Br 

= CH3— CH— CH— CHa- CH : CH— CH3 

I I 
Br Br 

This is a perfectly normal behaviour; but if no methylene 
group be interposed between the two double bonds we obtain 
quite a different result, for instead of the halogen atoms attack- 
ing one of the double bonds they attack both simultaneously, 
and a new double bond is formed as shown below — . 

1 2 3 4 5 6 

CH3— CH : CH-CH : CH— CH3 

Br Br 

1 2 3 4 6 6 

= CH3— CH— CH : CH— CH— CH3 



Br Br 



It will be seen from the formulae that the original double 
bonds lay between the atoms 2, 3 and 4, 5 ; while in the final 
substance there is a new double bond in the 3, 4-position. 

Thiele,^ from a study of many systems of this type, put 
forward his theory of " partial valencies." He assumes that in 
a double bond between two caibon atoms the whole of the 



Thiele, AnnaXen, 1899, 306, 87. 
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available afiBnity of the atoms on each side of the double bond 
is not completely neutralized in the union, but that a certain 
amount remains free. This free affinity he terms a " partial 
valency," and he assumes that this partial valency serves to 
anchor any fresh atoms which come within range of the system. 
Once anchored, the presence of the new atoms causes a re- 
arrangement of affinity within the two molecules, with the 
result that the new atoms enter the system and reduce the 
double bond. If we represent the partial valencies by dotted 
lines, the steps in the process could be expressed by the formulae 
below — 

CH3— CH=CH— CH3 CH3— CH=CH— CH3 

Br Br 

Br — Br CH3— CH— CH-CH3 

I I 

Br Br 

When we come to a system of the type — 

E— CH : CH— CH : CH— R 

we have what Thiele terms a system of "conjugated double 
bonds," and he explains the abnormal behaviour of this system 
in the following way. Since, under his postulates, the addition 
of new atoms to a system can take place only after they have 
been anchored by the partial valencies of the system, it is clear 
from experimental results that in a compound of the following 
type— 

CHg— CH=CH— CH=CH— CHs 

12 3 4 

only the partial valencies 1 and 4 are active. We are therefore 
driven to assume that the valencies 2 and 3, acting across the 
single bond, neutralize each other in some way, and are thus 
thrown out of action.* This state of affairs Thiele represents 
by the following scheme — 

CHa— CH=CH— CH=CH— CHs 



* The dose agreement between this theory and actual experience is found 
in the case of benzene, where aU the double bonds are conjugated in a single 
system with no free partial valencies. Hence, theoretically, beneene is not 
a true unsaturated body, and it is weU known that experiment bears this out. 
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Such a grouping as this is anomalous not only from the 
chemical point of view but also in its influence upon the physical 
properties of compounds in which it occurs.^ Briihl.^ found 
that it had a marked effect upon refractive power, producing 
higher values than the calculated refractivities ; Hilditch ^ 
traced the same influence in the case of optical rotatory power ; 
analogous results were observed by Pascal ^ in diamagnetism ; 
and Sir W. H. Perkin*^ proved that similar effects could be 
detected in magnetic rotation. 

Crymble, Stewart, Wright, and others® have examined 
the spectra of numerous pairs of isomeric substances, one set 
containing isolated double bonds, while the isomeric bodies 
contained a conjugated grouping ; and they find that in every 
case the substance which contains the conjugated system is 
much more absorptive than the isomeric body in which the 
double bonds are not so completely joined together in a single 
system. For example, citraconic acid contains three double 
bonds joined together in a single conjugated system ; whereas 
in the isomeric itaconic acid one of the double bonds is separated 
from the rest by the interposition of the methylene group— 

OH OH 

CH3— C— 0=0 CH2=C 0=0 

II I 

H-C— 0=0 CHa— 0=0 

OH OH 

Citraconic Acid. Itaconic Acid. 

Oitraconic acid has a greater power of absorbing light than is 
shown by itaconic acid. 

Prom this it is clear that when two unsaturated groups 
occur in a molecule in such positions that they are able to 

^ For a fuU discusBion of this qaestion see SmUes' '* Belations between 
Physical Properties and Chemical ConBtitution," 1910. 

• Brtthl., B&r,, 1907, 40, 878. 

' HUditch, SVafu., 1909, 95, 881, 1570, 1678; 1910, 97, 1091; Edminson 
and HUditch, i&uf., 1910, 97, 228. 
« Pascal, Cjt,, 1909, 149, 842. 

• Sir W. H. Perkin, Ttom,, 1896, 69, 1141. 

• Crymble, Stewart, Wright, and Glendinning, Ttam..^ 1911, 99, 451 ; 
Crymble, Stewart, Wright, and Miss Bea, xM,,, 1911, 99, 1262. 
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exercise a reciprocal influence upon each other, their joint efifect 
upon the absorptive power of the substance is very much greater 
than when they are separated from each other by neutral atoms. 
One centre of residual afl&nity increases the absorptive power 
to a considerable extent as compared with a saturated compound ; 
two isolated centres in turn augment the compound's general 
absorption ; while a still greater power is produced by the 
co-ordination of the two centres into one system. 

. We must now pass to a consideration of the effect of stereo- 
isomerism upon general absorption. The spectra of compounds 
containing asymmetric carbon atoms have been examined by 
Magini^ and by Stewart* with the following results. Two 
optical antipodes have exactly similar absorption spectra ; meso- 
tartaric acid has a greater power of general absorption than 
either active tartaric ; while the spectrum of racemic acid shows 
a power of absorption greater than that of dextro-tartaric and 
less than that of meso-tartario acid. Turning to the question 
of geometrically isomeric carbon compounds, the same authors 
have shown that maleic and oitraconic acids possess a much 
less light-absorbing power than the isomeric bodies fumaric 
and mesaconic acid — 

Least absorbent Most absorbent 

H— C— COOH COOH— C— H 

D 11 

H— C— COOH H— C— COOH 

Maleic acid. Fumaric acid. 

CHff— C— COOH CH3— C— COOH 

II 

H— C-COOH COOH-C— H 

Gitraconic acid. Mesaconic acid. 

Hartley and Dobbie ® found that the spectra of the two stereo- 
isomeric oximes of benzaldehyde were identical. 

GeHs — C — H CgHg — C — H 

II i 

N— OH HO— N 

Benzsynaldoxime. Benzantialdoxime. 

At first sight it appears strange to find this difference in 

* Magini, J, chim. phys., 1904, 2, 408. 

« Stewart, Trans,, 1907, 91, 1637. 

» Hartley and Dobbie, Trans,, 1900, 77, 609. 
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behaviour between the isomers containing an ethylenic bond 
and those which contain the linkage — N : C :, but a considera- 
tion of the formulae of the various substances in the light of 
what has already been described in the preceding paragraphs 
will throw some light upon the point. We have already 
learned that general absorption is greatly influenced by the 
presence in the molecule of some unsaturated centre ; and that 
when we have two unsaturated centres in a substance the 
absorptive power depends to a great extent upon their mutual 
interaction. Now the change from maleic to fumaric acid 
entails the shifting of one unsaturated carboxyl group with 
respect to the other; and the same is true of the change of 
citraconic into mesaconic acid : so that in both these cases we 
are to a great extent altering the interplay of forces in the 
molecule. Similar arguments hold good in the case of the 
change of active tartaric acid into the meso-form, for here also 
the relative positions of the carboxyl groups are altered. When 
we come to the two oximes, however, the case is different, for 
there the two groups which change their relative positions in 
space are the'phenyl and hydroxy! radicles. The phenyl group 
certainly possesses a marked degree of residual afl&nity; but 
the influence of the hydroxyl radicle on general absorption is 
very feeble, as is proved by the very low absorptive power of 
the aliphatic alcohols. Hence we might expect that these two 
groups would influence one another but slightly, and that a 
change in their relative positions would produce no marked 
difference in the absorptive power of the molecule. Support 
has been lent to this view by an examination of the abaorption 
spectra of brassidic and erucic acids ^ which were found to have 
almost identical powers of absorption. 

CsHiy — C — H CsHiT^C — H 

n II 

H— C— COOH COOH— C— H 

Erucic acid. Brassidic acid. 

It will be seen that in this case we have altered the relative 
positions of the groups — COOH and — CgHn ; the first of these 
is an unsaturated centre, but the second is a saturated group, 

^ Grymble, Stewart, Wright and Arbuthnot, Unpublished observation. 
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SO that no great change in the absorptive power is to be expected 
on the above hypothesis.^ 

5. Valency and Absoeptive Power 

In the course of his study of the relations between the 
physical properties of elements and their places in the periodic 
system, Carnelley noted that under certain limitations the 
colour of a compound depends to some extent upon the atomic 
weights of the constituent elements. For instance, if we take 
compounds* AX, BX, CX, etc., where A, B, C, etc. represent 
successive elements belonging to the same sub-group in the 
periodic table, and X is any other element, then we shall find 
that, as we pass from the light element A through the heavier 
element B to the still heavier element C, the colours of the 
compounds deepen in tint. For example, let us take the case 
of the halogen compounds of cobalt and nickel. 

OoCl, . 
OoBr, . 
Col, 

Here, as we pass from the chlorine atom, with an atomic 
weight of 35*5 to the iodine atom with an atomic weight of 127, 
we find that the colour deepens from blue to black in the case 
of cobalt salts, and from yellow to black in the case of the 
corresponding nickel derivatives. Again, if we take the C€we 
of salts in which the acidic part remains constant throughout 
the series while the metal is replaced in rotation by the 
next higher member of the same sub-group, we get similar 
results. 

Nal . . . White Agl . . . Light yeUow 

Col . Cream-coloured Aul . . . Golden yeUow 

This rule seems to be of fairly general application, but as it 
refers to substances in the solid condition, it is possible that 
the state of aggregation exercises a considerable influence. 
This might account for several of the exceptions to the rule 
which have been observed. 

Crymble * has approached the subject from a stand-point 

* Ley, BeBiehur^en zwischen Farbe und Konsiiiutionf 1911, has made a 
similar saggestion with regard to selective absorption. 

* Crymble, Proc., 1911, 87, 68. 
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NiBr, 
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which evades this difficulty. On photographing the absorption 
spectra of potassium chloride and potassium sulphate, he found 
that ten millimetres of a normal solution of either salt was 
diactinic. This proves, of course, that all the ions present in 
the solution under such conditions are diactinic. Hence it 
is clear that the colour of solutions of copper chloride or copper 
sulphate must be due to the copper ion. Taking as a standard 
a ten-millimetre thickness of a normal solution of a salt or a 
length of solution containing an equivalent amount of the 
metal, Crymble regards a compound as " diactinic " when under 
these conditions light is transmitted up to a wave-length 2300. 
He finds that under this definition metallic ions may be 
grouped into three classes : — 

A. Non-absorptive ions. This class includes the following 
metals:— 

Li, Na, K, Be, Mg, Zn, Cd, Ba, Al, and Th. 

B. Ions showing general absorption only. In this class 
are: — . 

Hg, Tl, Sn, Pb, Sb, and Bi. 

C. Ions showing selective absorption. In this class may be 
placed: — . 

Cu, Ce, Mn, Fe, Au, Or, U. Co, Pt, Ti, and V. 

Now, if we examine the metals placed in Glass A, it is 
obvious that all of them possess a fixed valency : lithium, for 
example, forms only one chloride. The metals which show 
absorption (Glass B and Glass G), are all capable of exhibiting 
a change in valency : tin forms stannous and stannic chlorides, 
while copper forms cuprous and cupric salts. Thus it is 
established that metallic elements which are capable of exerting 
two degrees of valency have a much greater power of absorption 
than those metals which do not yield more than one chloiilK 
compound. 

A comparison of the majority of the elements in Glass B 
and Glass G will show that here also we can trace a general 
rule ; for the elements in Class G, whose ions show selective 
absorption, yield two series of salts in which the valency of the 
metal changes its valency by a single unit : — 

FeClaandFeCls CrClj and CrClj MnSO* and Mn2(S04)8 



Digiti 



zed by Google 



ABSORPTION SPECTRA 63 

whereas in the case of the metals in Class B, which show 
general absorption only, the change of the "ous" form to /> 

the " ic " form entails a change of two units in the valency : — ^^ \Jjir 
TlCl and TlCls SnCl^ and SnCU SbCla and SbCU ^ 

It is not yet certain whether this second generalization 
will hold good in every case; but the first rule put forward 
by Crymble marks a great advance in our knowledge of the 
subject. 

If we apply to this problem of the metallic ions the results 
which we arrived at from our examination of the effect of 
unsaturation upon absorptive power in organic substances, we 
might be led to assume that the metallic atoms contain certain 
centres of residual affinity which are called into play by the 
combination of one atom with another. In the case of atoms 
such as sodium and potassium, which are capable of exhibiting 
one valency only, we might imagine that they contained only 
one such centre. In the case of atoms showing more than one 
valency, however, it seems possible that the atom may include 
two centres of residual affinity, which may act like two con- 
jugated double bonds in an organic compound, and by their 
interplay may increase the absorptive power of the substance 
jtist as we found in the case of organic bodies. 



6. The Spectroscopic Determination op Chemical Change 

Dobbie, Lauder, and Tinkler ^ have shown how spectroscopic 
measurements may be used to throw light upon the extent to 
which chemical change takes place in a solution, and also upon 
the relative strengths of two reagents which have the same 
chemical effect. The substance used by them in this research 
was cotamine, which is capable of existing in two forms. 
What the structures of these two forms are is of no importance 
to us at the present time ; considerable controversy has centred 
round the point. All that we need remember for our present 
purpose is that the change of one form into the other takes 
place under the influence of alkalis, while the reverse change is 
produced by acids. 

In aqueous solution, cotarnine is yellow ; that is to say, it 

^ Dobbie, Lauder, and Tinkler, Trans,, 1904, 85, 121. 
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has an absorption band in the visible region. Now, when the 
aqueous solution is treated with alkali, the yellow colour dis- 
appears, the amount of colour change being proportional to the 
quantity of alkali present. To compare the strengths of various 
alkalis, therefore, it is only necessary to add fixed quantities of 
them to a given solution of cotarnine, and estimate spectroscopi- 
cally the change which they bring about in the substance. 

In this way, Dobbie, Lauder, and Tinkler arrived at the 
results shown in the table below. The figures represent the 
percentages of the ammonium form of cotarnine which is con- 
verted into the carbinol form in presence of the corresponding 
amount of alkali. 



strength of baiM. 


KOH. 


LIOH. 


NaOH. 


Ba(0H)8. 


Ca(0Hj). 


NH4OH. 


N/1 


98-5 


98-5 


98-6 






46 


N/2 


97-6 


97-5 


97 


— 


— 


40 


N/3 


96-5 


96-6 


96-5 


— 


— 


so 


N/4 


96 


94 


94 


— 


— 


— 


N/6 


98 


98 


98 


— 


— 


26 


N/7 


92-5 


— 


92-6 





— 


— 


N/8 


91 


92-6 


91 


90 








N/IO 


89 


90 


89 


— 


— 


20 


N/20 


88 


82-6 


82-6 


— 


— 


— 


N/60 


67-6 


70 


70 


67-6 


67-6 


10 


N/lOO 


62-6 


57'6 


62-6 


52-6 


60 


— 


N/200 


42-6 


42-6 


40 


40 


40 


— 


N/400 


26 


20 


20 


20 


20 


— 


N/600 


20 


20 


20 


20 


20 


— 



The possible applications of this method are, of course, 
almost inexhaustible ; and it would be quite feasible to enlarge 
its scope and make it a means of measuring reaction velocities. 

7. Conclusion 

In the foregoing sections we have described one or two of 
the more interesting researches which have been carried out 
recently in this field. It will be seen that in some cases the 
experimental basis upon which the theoretical views have been 
raised is apparently not of sufficient breadth to allow us to 
accept the theories themselves with perfect confidence ; but this 
is, of course, the case with all branches of science in their 
earlier period. At the present time, spectroscopic research may 
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be divided into several categories. In the first place, we have a 
series of investigators who photograph spectra apparently with 
no idea beyond finding out what the absorption curve looks like. 
This work is pretty much on a par with that of the organic 
chemists who apply somebody else's reaction to the iso-propyl 
derivative when the lower members of the series have already 
been made ; it may eventually be of use to some one, but that 
will not be the fault of the man who carries it out Then there 
is a second class of spectroscopists who apply the Hartley 
method without seeming to recognize the fact. These, at least, 
may do work of some practical value, even though it be not 
very original. Finally, there are two classes of workers whose 
researches are tending to bring spectroscopy into touch with 
chemical problems. The first of these concern themselves with 
the relation between spectroscopic measurements and other 
physical properties of oiganic substances, such as refractive 
index, optical rotatory power, magnetic rotation, and so fortk 
The second class of investigators endeavour to link their spec- 
troscopic results with their chemical reactions, in order to find 
out whether there be any connection traceable between the two 
phenomena. In either of these directions there appears to be a 
fruitful field awaiting research. 

At the same time, it must be remembered that great care 
must be taken in the building up of hypotheses. In all the 
chemical field there is no subject which lends itself more to 
this than does spectroscopy ; but it cannot be too often stated 
that hypotheses which are not backed by chemical evidence of 
their correctness are worse than useless. Further, the substitu- 
tion of vague generalities for definite statements may do con- 
siderable harm. It is true that in some cases we know so little 
of the processes which go on within the molecule, that w^are 
forced to express ourselves in general terms ; but it should be 
our aim to come as soon as possible to some definite conclusion 
in the matter, and put forward something which can be tested 
— something which is not mere verbiage and an excuse for 
dodging round a dialectic comer as soon as people begin to look 
into the subject. 

One of the most promising fields at the present moment 
appears to be the study of the influence of solvents upon absorp- 
tion spectra. If it were possible to carry out a long series of 

F 
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experiments in which attention was paid to the physical pro- 
perties (such as dielectric constant) of inert solvents, one can 
hardly doubt that some important results would follow. 
Another branch of the same subject is the influence of the 
solvent upon reaction- velocities, and here it might be possible 
to detect a parallelism between the action of the solvent upon 
the reacting bodies and its action upon their spectra. 

Again, spectroscopy furnishes us with a means of watching 
the changes which take place while a reaction is going on in a 
solution; and it seems probable that interesting results might 
be acquired by a study of reactions which may or may not 
involve the formation of an unstable intermediate product, or of 
those which result in intramolecular change. 

A field which appears to have been barely touched is the 
examination of analogous compounds of similar elements. For 
example, it might be of interest to discover whether there was 
any relation between the absorption spectra of an alkyl ether, a 
sulphide and a selenide and the chemical properties of the 
three substances. Parallel results might be found in the exami- 
nation of derivatives of tri- and penta-valent nitrogen, phos- 
phorus and arsenic. In the " onium " salts, also, the spectra 
might throw some light upon the cause of the ionization of the 
negative radicle. 

At the present time we are ignorant of the cause of colour 
in many of the simplest substances. For example, if nitrogen 
and hydrogen, both colourless gases, be combined, we get a 
colourless gas, ammonia, formed. But if for hydrogen we 
substitute oxygen, we get a brown gas, NOj, which on poly- 
merization gives us a much more weakly coloured body, NgOi. 
It is clear that in cases such as these one atom has the effect of 
stimulating another into a state of vibration, while other atoms 
have not this power. One nitrogen atom cannot stimulate 
a second, nor can a hydrogen atom stimulate a nitrogen one ; 
an oxygen atom cannot produce marked colour by combining 
with a hydrogen atom. But a nitrogen atom can apparently 
produce colour when united with an oxygen atom in certain 
ways. Analogous results are to be found among organic 
substances. For example, the grouping (I.) does not appear to 
produce visible colour, while compounds containing the grouping 
(II.) are usually strongly coloured. 
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— C : CHa —0 : 

— C : CHa —0 : 

(I.) (II.) 

Both of these groupings contain residual affinity which is 
capable of attracting four hydrogen atoms, so that it is not 
merely a question of the amount of unsaturation, but rather 
one of kind, with which we have to do. A study of this 
problem would certainly yield useful results. 

We need not describe any further subjects for research ; 
many others will suggest themselves to the reatder. In the last 
year or two, a considerable increase of interest in this branch 
has manifested itself among chemists, but it is to be hoped that 
other workers may be tempted into this field of research. 

At the present day, the problem of what is termed residual 
affinity is rapidly being forced to the front in many widely 
different lines of investigation, and it is becoming more and 
more evident that our ordinary graphic formulse are reaching 
the end of their usefulness. As an expression of the purely 
chemical behaviour of compounds they have played a wonderful 
part on the chemical stage, and in the future they will no 
doubt aid us in this as well as any substitute which can at 
present be imagined. But when we come to the relation 
between chemical constitution and physical properties the 
ordinary graphic formula, devised as it was to suit a totally 
different set of circumstances, cannot be blamed if it fails to 
throw much light on the question. What will be required in 
future is a standardization of what. we describe as residual 
affinity, and it appears possible that spectroscopy may aid us in 
this line. Assuming the electronic basis of matter, we are 
driven to regard the chemical, electrical and physical properties 
of a compound as different facets of a whole, or as inter- 
pretations of the electrons' motions in terms of various crude 
measurements with different units. At the present time our 
measurements of residual affinity are in the atomic stage, that 
is to say, we ascribe to both an ethylenic bond aud a carbonyl 
group the same amount of residual affinity since they are both 
capable of combining with two hydrogen atoms. If it were 
possible to apply some spectroscopic measure of residual affinity, 
we should be in possession of a much finer measuring instrument, 
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and it is not improbable that the differentiation between one 
compound and another in this way would lead to valuable 
results. Ordinary chemical means can carry us only to the 
confines of the* atomic world, but for a true understanding of 
the whole field we must be able to penetrate into the sub-atomic, 
or electronic universe, for it is in this region that the real 
changes occur which we measure in the ordinary chemical 
reaction. 
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CHAPTER IV 

THE PSEUDO-ACIDS 

1. Introductory 

If we attempt to draw up a rough classification of electrolytes, 
the first three categories which suggest themselves are — 

1. Acids, which give rise to hydrogen ions. 

2. Bases, which yield hydroxyl ions. 

3. Salts, which dissociate into acidic and basic ions. 

To these three classes we must add a fourth, amphoteric elec- 
trolytes, a series of substances which are capable of producing 
either hydrogen or hydroxyl ions according to the experimental 
conditions. Amphoteric electrolytes might be sub-divided into 
two sections : for in one set of these bodies it is found that 
the same group of atoms gives rise to both hydrogen and 
hydroxyl ions owing to ionization taking place in two different 
ways ; while in the second set the hydrogen ions are liberated 
from one part of the molecule, and the hydroxyl ions from 
another. Examples of the first class are found among the 
hydroxides of metals such as lead, aluminium, chromium, 
beryllium and tin, which are soluble in both acids and alkalis ; 
while the second class is represented by bodies like amido- 
acetic acid — 

NHa.CHa.COOH 

whose carboxyl group furnishes hydrogen ions, while the basic 
radicle — N'H2 forms the origin of the hydroxyl ions. 

In recent years an additional class of electrolytes has been 
studied, which have been named pseudo-acids and pseudo- 
bases ; and the present chapter will be devoted to a description 
of the acids and their properties. Before entering into 
details, however, some account must be given of the history of 
the subject 

When an alkyl iodide is treated with silver nitrite it usually 
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gives rise to two isomeric substances, a nitro-paraffin and an 
alkyl nitrite. For example, if we use ethyl iodide, we obtain 
nitro-ethane and ethyl nitrite— • 

CaHcNOa CaHc.O.NrO 

Nitro-ethane. Ethyl nitrite. 

With the latter substance we are not concerned here. 

The nitro-paraffins were discovered in 1872 by Victor 
Meyer,^ and in the course of his investigations he observed 
that they dissolved readily in alkaline solutions. This pointed 
to the possibility of their containing a hydrogen atom which 
was capable of being replaced by a sodium atom; and in 
accordance with the views current at that time, Victor Meyer 
inclined to the explanation that the "negative" nitro-group 
influenced the neighbouring hydrogen atoms so strongly as to 
make them acidic to some extent. This idea was tested by 
preparing a tertiary nitro-paraffin, and that substance was 
found to yield no sodium salt. 
CHs 

CHff—C— NOa CHjT-CHa— CHa— CHa— NOa 

/ 
CHs 

Tertiary. Normal. 

An examination of the two formulae above will show that 
in the normal substance the carbon atom next the nitro-group 
has two hydrogen atoms attached to it, whereas in the tertiary 
body the nearest hydrogen atom is separated from the nitro- 
group by two carbon atoms. It was therefore assumed that the 
nitro-group only influenced a hydrogen atom in its immediate 
vicinity. 

In those days, it was taken for granted that the structures 
of an acid and its salt were analogous, and thus the first 
formulae for the alkali derivatives of the nitro-paraffins were 
written simply by substituting the symbol for the alkali atom 
in place of one hydrogen atom — 

CHs-CHa— NOa CHs-CH— NOa 



Na 



4a 

Nitro-ethane. Sodium derivative. 

» V. Meyer, Annalen, 1874, 171, 1. 
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This view held the field for a considerable period, but in 
1888^ Michael/ in the course of his work on the constitution of 
acetoacetic ester, waw led to challenge the validity of this 
assumption. According to him, when a metallic atom replaces 
a hydrogen atom in an organic compound, it will attach itself 
to an oxygen atom in preference to a carbon atom, owing to 
the greater *' negativity " of the former. We cannot enter here 
into his arguments ; a full account of the controversy will be 
found in Lachman's Spirit of Organic Chemistry. Applying 
Michael's ideas to the case of nitro-methane, we should obtain 
the following formulsB for the parent substance and the sodium 
derivative : — 

CHs-N^^ OH.:N:0 

ONa 

Nitro-methane. Sodium derivative. 

On this assumption, the constitution of the acid cannot be 
deduced from that of the salt merely by replacing the sodium 
symbol by the hydrogen symbol; but we must assume that 
the two bodies differ very considerably in constitution from 
each other. 

In 1895, the problem became still more complicated from 
the experimental standpoint, for in that year HoUeman,^ 
Hantzsch and Schultze,® and Konowalow * independently dis- 
covered that nitro-parafOins could be obtained in two isomeric 
forms, the normal form and the aci-form, the latter of which 
had the same structure as the sodium salts. Thus in the case 
of phenyl-nitro-methane, the following substances were dis- 
covered : — 
CeHe— CHa— N:0 CeHg— CH:N:0 CeHg— CH:N:0 

OH ONa 

Normal nitro-paraffin. ^c/>form. Salt 

This discovery vindicated Michael's views, and the further 
investigations of Hantzsch carried the subject into a new field. 

» Michael, /. pr. C^m„ 1888 [2], 87, 607. 

> HoUeman, Bee, trav, chim,, 1896, 14, 129. 

> Hantzsch and Schultze, Ber., 1896, 29, 2193. 
« Konowalow, Ber., 1896, 99, 699. 



Digiti 



zed by Google 



72 INORGANIC CHEMISTRY 

The substance which Hantzsch and Schultze first examined 
was the phenyl derivative of nitro-methane, which has the 
structure shown below — 

CeHfi-CH^NOa 

This body is formed by the action of silver nitrite upon benzyl 
iodide; and in its purification the sodium salt is prepared, 
and then decomposed by dilute acetic acid or carbonic acid. 
The substance obtained by this method is a liquid boiling at 
225°-227° C. 

If, instead of weak acids, we use fairly strong mineral acids 
to decompose the sodium salt, and take care that the tempera- 
ture of the solution does not rise during the operation, we 
obtain, instead of the oil, a crystalline body of M.P. 84° C. 
This substance i9 the ad'torm of phenyl-nitro-methane, and has 
the structure — 

C«H6— CH : N : 



i» 



which corresponds to the structure ascribed to the sodium salt. 

These two bodies differ not only in physical properties, but 
in chemical character as well, as the following data will show. 
The normal form of phenyl-nitro-methane is stable when heated ; 
with ferric chloride it yields no immediate coloration ; and it 
dissolves only slowly in alkalis, forming the sodium salt. The 
oo-form of the substance, on the other hand, is labile, and can 
be converted directly into the normal compound; with ferric 
chloride it gives at once a red-brown tint, and it dissolves 
immediately in alkaline solutions, yielding the same salt as 
the normal form. Thus, if we start &om the normal compound 
we can convert it into the sodium salt, from which we can 
obtain (by precipitation with mineral acids) the isomeric act- 
form, and by heating this for a considerable time we can regain 
the original normal substance by isomeric change. 

Now Holleman^ showed that if we take a solution of the 
sodium salt of phenyl-nitro-methane, add to it an equivalent 
quantity of hydrochloric acid, and determine the conductivity 
at intervals, we shall find that it rapidly diminishes, which 
appears to point to the conversion of the oci-form into the 

> HoUeman, Bee. trav. Mm,, 1895, 14, 129, 121. 
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indifferent, non-oonducting normal form. If no secondary 
reaction took place, it is clear that in the end the conductivity 
should reach that of a solution of sodium chloride containing 
the same amount of sodium as the original sodium salt, as this 
is decomposed by the hydrochloric acid to produce sodium 
chloride. In practice, however, it is found that the isomeric 
change of oci-form into the normal form is accompanied by a 
slight decomposition of the nitro-body, which produces traces 
of benzoic acid and nitrous acid ; so that the end-conductivity of 
the solution is influenced by the presence of these electrolytes 
in addition to the sodium chloride formed in the main reaction. 
The following figures* will give some idea of the velocity of 
the reaction. 

Equimolecular solutions of hydrochloric acid and the phenyl- 
nitro-methane sodium salt, each at a dilution v s 32, were 
mixed together, producing a dilution v ss 64. The temperature 
of the mixture rose from 0° C. to about 2^ 0., but in the follow- 
ing figures a correction for this has been made : — 

After 8 minutes /u = 69*6 



.. 6 




<t=:68-l 


., ao 




/4 = 67-0 


.. 60 




/. = 68-7 


,. 96 




/. = 63-7 


„ 1« 




/i = 69-1 


,, 180 




/I = 63-0 (oonBtant) 



For NftCl under same conditions /a = 60 

An examination of the conductivities of solutions of other 
nitro-methane derivatives showed thtit the normal nitro-com- 
pound in aqueous solution had practically the same con- 
ductivity as pure water, whereas the oa-derivatives were acids 
probably stronger than acetic acid. 

Let us now summarize what we have dealt with in the fore- 
going paragraphs. In the first place, it has been shown that 
derivatives of nitro-methane exist in two isomeric forms, one 
of which shows neutral properties, while the other isomer is 
markedly acidic in character. Secondly, the conversion of the 
neutral body into the salt (which is a derivative of the acidic 
form) requires a certain time ; this is shown by the different 
rates at which the two substances dissolve in alkalis: the 

^ Hantzsoh and Davidson, Ber., 1896, 29, 2259. 
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converse change of salt into the neutral form of the nitro- 
compound is also a comparatively slow reaction ; this is proved 
by the conductivity measurements which were given above. 
Thus in the nitro-parafiSn series we have an example of sub- 
stances which can, by intramolecular rearrangement, become 
acidic. Such substances Hantzsch defines as pseudo-acids. 
There is another class of compounds which can, by intramo- 
lecular change, give rise to basic substances. These Hantzsch 
terms pseudo-bases. It should be noted that Hantzsch lays 
especial stress upon the point of intramolecular change and not 
upon the neutral character of one of the isomers. For example, 
he would include quinone monoxime in the class of pseudo- 
acids on the ground that intramolecular change takes place in 
the course of salt-formation, the form (I.) being converted into 
the salt (II.), instead of the salt (HI.) being formed as one 
might expect from the acidic character of the — N . OH group. 

0:C«H4:N.0H NaO.C6H4.N:0 0:C6H4:N.ONa 
(I.) (11.) (HI.) 

When we mix a solution of an ordinary acid with that of a 
base, the velocity of neutralization is immeasurably rapid ; but 
in the case of a pseudo-acid, since intramolecular change must 
occur and convert the pseudo-acid into the ooi-form before 
neutralization can begin, it is evident that the neutralization 
will not be an " instantaneous " reaction, but will be governed 
by the velocity of the intramolecular change. This Hantzsch 
defines as dow neutralization. 



2. Hantzsch's CBrrERiA 

In one of his earlier papers on the subject of pseudo-acids, 
Hantzsch * put forward a series of criteria by means of which he 
suggested that it was possible to establish whether or not a 
substance was a pseudo-acid. Some of these criteria have since 
been abandoned as inapplicable ; but we may give the original 
list here, reserving a discussion of each for the later sections of 
this chapter. 

I. When a hydrogen compound shows slow neutralization 
phenomena it is a pseudo-acid. 

' Hantzsch, Ber., 1899, 32, 575 ; 1906, 89, 2109. 
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* II. When a hydrogen compound which itself shows little 
or no conductivity, produces a neutral alkali salt 
which is either not hydrolyzed or only exhibits 
slight hydrolysis, then this salt has a constitution 
different from that of the original hydrogen com- 
pound — i.e. the latter is a pseudo-acid. 

III. When a colourless hydrogen compound (which when 
dissolved in water gives a colourless solution) yields 
coloured ions and alkali salts which retain their 
colour in the solid form, it is a pseudo-acid. 

t IV. If in conductivity measurements of a tautomeric sub- 
stance it is found that the temperature-coefficient 
is abnormally large and increases with a rise in 
temperature ; or if the dissociation constant varies 
to an abnormal extent with change in temperature, 
it indicates that the substance in question is a 
pseudo-acid. 
Y. (a) If a substance which in its normal form contains 
no hydroxyl group can be induced to react with 
acetyl chloride or phosphorus penta-chloride with 
the liberation of hydrochloric acid, it is a pseudo- 
acid. 
* (6) If a hydrogen compound does not form a salt by 
direct addition of ammonia but only does so in- 
directly — i.e. in conjunction with water — then the 
hydrogen compound is a pseudo-acid. 

VI. The existence of abnormal hydrates} in the case of 
tautomeric bodies is a chemical indication that the 
corresponding water-free substances are pseudo- 
acids which only produce salts indirectly by the 
previous formation of an addition-compound of the 
hydrate type. 
jVII. The molecular conductivity of all electrolytes in 
aqueous-alcoholic solution is reduced if the alcohol 
content of the solution be increased while the degree 

* These criteria have since then heen proved to be invalid. 

f These criteria are of Very limited application. 

X Abnormal hydrates are defined by Hantzsch as those which are not 
formed by direct addition of water to the non-hydrated substance, but are 
produced only after the original substance has undergone chemical change, 
e.g, when it is precipitated from salts, etc. 
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of dilution iB kept constant ; but the diminution of 
the conductivity of true acids is greater under the 
same conditions than is the case with pseudo-acids. 
It should be expressly stated that Hantzsch admits that 
no one of these criteria in itself is a conclusive proof of the 
presence of a pseudo-acid. All that can be said for them is 
that if a compound agrees with several criteria, then the proba- 
bility is that it is a pseudo-acid. Further, the various criteria 
vary in decisiveness. Hantzsch in one of his papers^ laid 
especial stress upon the neutralization phenomena, the ammonia 
reaction, and the formation of coloured ions by colourless parent 
substances; while he attached much less importance to the 
other criteria. 

In the succeeding sections we shall take up in turn the 
various criteriai and give some account of the criticisms which 
they have evoked. 

3. The Phenomena of Slow Nkutbauzation 

Some description of the slow neutralization phenomena 
has already been given in the first section of this chapter. 
Experimentally, the question may be approached from either 
of two points. In the first place, we may prepare a solution 
of the sodium salt of a nitro-paraffin, say nitro-ethane, and add 
to it the molecular equivalent of hydrochloric acid. If the 
dilution be considerable and the temperature be kept in the 
neighbourhood of zero, it is found that at the moment of 
the addition the conductivity is considerably higher than that 
of a solution of sodium chloride under the same conditions. 
This increase in conductivity above that of a common salt 
solution is to be attributed to the presence of the cuA-iotm of 
nitro-ethane, which results from the double decomposition — 
CHb . CH:NO . ONa + HCl = NaCl + CHb . CH:NO . OH 
The presence of the act-form is also shown by the fact that at 
the moment of mixing the two solutions, the mixture is acid 
and gives a coloration with ferric chloride. After a few hours, 
however, the conductivity sinks to that of an equivalent solu- 
tion of pure sodium chloride ; while simultaneously the solution 
loses its acid properties and ceases to give any ferric chloride 

' Hantzsch, Ber., 1906, 89, 2109. 
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coloration. This is to be attributed to the conversion of the 
acirioxm into the neutral nitro-compound — 

CH8.0H:NO.OH-»CHs.CHj.N02 

The second method depends upon the slow formation of the 
nitro-paraffin salt. Equimolecular aqueous solutions of nitro- 
ethane and sodium hydrate are mixed together ; and it is found 
that the conductivity does not immediately attain that of the 
sodium salt of nitro-ethane. Whence we may deduce that salt- 
formation is not instantaneous, but requires a measurable time 
to complete. 

Now, though the slow neutralization phenomena give us a 
clue to the presence of a pseudo-acid, it must not be assumed 
that the converse proposition also is true. Because a body 
does not show slow neutralization we are not entitled to take 
for granted that it is not a pseudo-acid. It is clear that what 
we actually measure in the case of slow neutralization is the 
rate of change of the normal form into the oa-form, or. vice 
versa. But if this change took place with very high velocity, 
it is quite possible that it might be complete before we could 
measure the conductivity. In this case, we might actually 
be dealing with a pseudo-acid, but conductivity measurements 
might lead us to suppose that we had a true add instead. 
Thus this criterion of Hantzsch holds good only if we obtain 
positive results. If the conductivity measurements do not 
demonstrate the presence of a pseudo-acid we ar^ not entitled 
to assume that the substance is not pseudo-acidic. 

4. ABNORMiLL HtDBOLTSIS 

The evidence upon which Hantzsch^ was induced to put 
forward this criterion for pseudo-acids may best be given in his 
own words. " The potassium salt of dinitro-ethane reacts com- 
pletely neutral and is no more hydrolytically dissociated than, 
e.^., potassium cWoride. Such salts, however, as I will show 
by numerous examples, are derived from strong or at least 
moderately strong acids (of the same strength as the acetic 
acid group) which have a clearly marked acidity ; for very 
weak acids produce hydrolytically dissociated salts with an 
> Hantzsoh, Bar., 1899, SS, 679. 
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alkaline reaction. Now free dinitro-ethane has not a medium, 
or even a very small, dissociation constant ; it has absolutely ^ 
no measurable dissociation constant at all. Thus it is not 
merely an acid weaker than very weak acids like hydrocyanic 
acid or phenol ; it is not an acid at all. Now if it, acting as 
an acid, could produce a salt CH3 . CK . {^Oi)% then this salt 
would be hydrolysed to a greater degree than even potassium 
cyanide or sodium phenolate. Since, however, the actual so- 
called salts of dinitro-ethane show absolutely no hydrolysis, 
they cannot be derived from unaltered dinitro-ethane, but must 
be produced from an isomeric acid form, iso-dinitro-ethane." 

Unfortunately for this reasoning, it was ihown by KauflT- 
mann ^ that it is in contradiction with the Law of Mass Action. 
Assuming this law, it can be proved that in spite of salt forma- 
tion being accompanied by intramolecular change the hydrolysis 
of the salt will be normal. Thus this criterion falls to the ground. 

5. CoLOUE Change in Passing fbom Pbeudo-Acid to Salt 
It will be recalled that Hantzsch laid down as one of his 
criteria, that if a colourless hydrogen compound gives rise to 
coloured ions and coloured solid alkali salts, then it is a 
pseudo-acid. At the time this was first put forward, the only 
evidence in favour of it was physico-chemical, and no purely 
chemical data were forthcoming for a considerable period. In 
order to prove chemically that a compound is capable of 
existing in two isomeric forms it is essential to isolate two 
isomeric derivatives from the parent substance, and it was 
not until 1906 that Hantzsch and Gorke* were enabled to 
announce that this criterion had been put upon a purely 
chemical basis by the isolation of two methyl ethers of o-nitro- 
phenol. These two bodies resembled in character the isomeric 
ethers of phenyl-nitro-methane, and to them the following 
formulaB were ascribed : — 



CoH/ 



NO, ^NO.OCHs 

c6H4r 

OCHs X) 



Normal ether. Ether of act-form. 

^ Kaufmann, Zeit, physikaL Chem., 1904, 47, 618; of. Eoler, Ber,, 1906, 
89, 1607. 

2 Hantzsch and Gorke, Ber,, 1906, 89, 1078. 
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The first substance is a colourless compound, while the 
oa-ether is of an intense red tint. Thus the intramolecular 
change which produces the oa-form from the normal nitro-phenol 
is accompanied by a change in colour. 

Some remarks of Hantzsch ^ in reference to the auzochrome 
view of colour in this connection led to a somewhat prolonged 
controversy with Kauffmann^ into the details of which we 
need not enter here. Kauffmann adduced the case of the 
dimethyl ether of nitro-hydroquinone, which, according to him," 
is capable of giving both coloured and colourless solutions, 
though, as can be seen from its formula, no isomeric change is 
probable in the molecule. 

OOHs 
I 



i< 



)CH8 

Kauffmann stated that in ligroin solution the substance is 
colourless; but that on allowing it to crystallize, intensely 
yellow needles are obtained. Other solvents, especially 
associating solvents, gave pale yellow solutions, while dis- 
sociating solvents, such as glacial acetic acid, water or alcohol, 
gave more deeply coloured solutions. Thus, according to 
Kauffmann, "in dissociating solvents, the solute shows its 
natural properties most clearly, in associating solvents, on the 
contrary, it is in a state of strain." This last phrase will, of 
course, appear to furnish a complete explanation or to be mere 
words, according to the reader's prejudices.* Hantzsch in his 
reply pointed out that Kauffmann's assumption was not in 
accordance with our experience. In dissociating solvents we 
do not find a substance showing its " normal " behaviour, for 
in such solutions we get dissociation or addition compound 
formation. Hantzsch then proceeded to examine the mole- 
cular weight, colorimetric value and molecular refraction of 

> Hantzsch, B&r., 1906, 89, 1084. 

* Kaufimann, Ber., 1906, 89, 1959, 4287 ; 1907, 40, 481, 4547 ; see also 
Hantzsch, JSer., 1906, 39, S072 ; 1907, 40, 1556, 1572 ; 1908, 41, 1214. 

> Kaufimann, Ber., 1906, 89, 4240. 
« Hantzsch, Ber., 1907, 40, 1656. 
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nitro-hydroquinone dimethyl ether in various solvents, and 
found that it was probable that the yellow solutions of the body 
contained molecular complexes. If this be the case, and since 
the solid substance is also yellow, it seems fair to assume that 
the yellow colour sometimes shown by the substance is due to 
the formation of complexes and is not inherent in the molecule ; 
and hence KauJBTmann's case falls to the ground. 

Further evidence in this direction is furnished by some 
work of Blaise * who showed that when glutaconic ester — 

COOEt— CHg— CH : CH— COOEt 

is treated with sodium ethylate, it gives a yellow colour, 
where€is if a homologue which contains no free hydrogen atom 
is treated with sodium ethylate no colour is developed. This 
points to the wandering of a hydrogen atom during the addition 
of the ethylate, the addition compound being supposed to have 
the following structure : — 

,ONa 
COOEt— CH : CH— CH : C< 

\OEt 

It seems probable, on the evidence before us, that this 
criterion of a pseudo-acid is valid. 



6. Abnormal Temperature CoEFnciEKTS 

In his original paper on the pseudo-acids, Hantzsch^ 
expressed this criterion in the following words : " Temperature 
coefficients of conductivity which are abnormally large and 
which increase with rise in temperature, as well as degrees of 
dissociation and dissociation constants which vary to an 
abnormal extent with temperature-change, indicate in the cstse 
of tautomeric bodies the presence of ionization-isomerism." 

It will be seen that the kernel of the question lies in the 
word abnormal ; and from the polemics of Hantzsch and Euler, 
it appears that this expression is capable of rather wide 
interpretations. 

Hantzsch ^ based his views upon the assumption that true 

> Blaise, Bua, aoc. cMm., 1908, 99, 1028. 
* Hantzsch, Ber,, 1899, 89, 579. 
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acids, which do not alter their constitution, show an increase 
of conductivity with rise in temperature ; but that this increase 
is small and is to be considered as due to an increase in ionic 
mobility rather than to an increase in the d^ree of ionization. 
Further, according to him, in the case of true acids, the 
conductivity temperature coefficients diminish with rise in 
temperature. Finally, the dissociation constants of acids of 
unchangeable constitution are not dependent to any great extent 
upon temperature, since in the aromatic acids between 0° C. and 
25"^ C. it does not usually exceed about ten per cent, sometimes 
positive and sometimes negative. In contrast to this behaviour, 
Hantzsch places that of the pseudo-acids, which, according to 
him, between 0° C. and 25^ 0. show an increase of a hundred per 
cent, or more in the constant. 

In his criticism of Hantzsch's views, Euler^ pointed out 
that a comparison of the temperature coefficient of a pseudo- / 
acid like phenyl-nitramine with those of true electrolytes such 
as aniline or phenol shows that the latter bodies have a much 
higher coefficient. 

Hantzsch in his reply ' objects to the comparison of a weak 
electrolyte with such a substance as dinitro-methane, which is ten 
times as strong as acetic acid. He admits, however, that nitro- 
form, which is undoubtedly a pseudo-acid, has almost the same 
low coefficient of temperature as hydrochloric acid. 

Without going further into the question, it is evident that 
this criterion cannot stand by itself, but can be used only in 
support of other evidence. It should be noted, however, that 
Hantzsch has expressly stated this in his earlier papers : none 
of his criteria in itself is sufficient to 'prom the presence of a 
pseudo-acid ; all that can be done is to show the probability that 
a substance belongs to this class. 

7. The Ammonia Beaction 

This criterion depended upon the rate of precipitation of an 
ammonium salt from a solution in absolute benzene. Solutions 
of the pseudo-acid and of ammonia in benzene were mixed 
together under certain conditions and it was found that a slow 

> Euler, Bw,, 1906, 89, 1607. 

> HantESoh, Ber., 1906, 89, 9098. 



Digiti 



zed by Google 



82 INORGANIC CHEMISTRY 

precipitation of ammonium salt took place, which was in sharp 
contrast to the immediate precipitation produced when benzoic 
acid was substituted for the pseudo-acid. Further investiga- 
tions, however, convinced Hantzsch ^ that the factor of super- 
saturation entered so powerfully into the question as to make 
the criterion of little value. 



8. Abnormal Hydrates 

When a substance forms a hydrate it is usually assumed 
that direct addition of water to the molecule occurs; but in 
certain cases it is possible that before water can attach itself 
to the substance, the latter body must undergo intramolecular 
change. Such hydrates are defined by Hantzsch * as "abnormal," 
and their presence can be taken as a proof that the compounds 
which yield them are capable of tautomeric change. Let us 
suppose that a substance is capable of tautomeric change and 
gives rise to a hydrate. By substitution we C8ui alter the structure 
of the molecule so as to prevent this tautomerism, while still 
retaining the general character of the substance. If this 
derivative gives no hydrate, then we should be justified in 
assuming that the hydrate formation was in some way bound 
up with the possibility of tautomerism ; and we might suppose 
that tautomeric change must occur before the hydrate could be 
formed. In this case, of course, the parent substance would 
be a pseudo-acid. Instead of the addition of water, we might 
utilize the addition of alcohol as a test ; the reasoning in the 
case of alcoholates is the same as that used for hydrates. It 
will be seen that the possibility of applying this criterion is 
very limited. 

9. Conductivity in Aqueous-alcohouo Solutions 

Hantzsch and Voegelen ^ observed that if a pseudo-acid and 
a real acid be dissolved in mixtures of alcohol and water, the 
dilution of the solution being kept constant while greater 
percentages of alcohol are added, then the diminution of the 

^ Hantzsoh, Ber., 1907, 40, 8084. 

' Hantzsoh, Ber,, 1899, 82, 579. 

' Hantzsoh and Voegelen, Ber,, 1902, 86, 1001. 
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/ 
.conductivity of the true acid with increase of alcohol is less 
than the falling off in the dissociation of the pseudo-acid. 
A concrete example will make the point clear. Suppose 
we compare the conductivities of violuric acid and Isevulinic 
acid at v^. The two acids are approximately of the same 
strength, for with violuric acid K = 0*0027, while laevulinic 
acid has K = 0-0024. 

Peroentage of alcohol in solution 0% 26% 40% 60% 76% 100% 
Violurio acid /i^ . . 14*60 6-68 4-18 2-91 0*90 028 
Lavulinio acid Mm . . . 18'86 466 2-36 1-49 082 

An examination of the figures will show that when the solution 
contains say forty per cent, of alcohol, in the case of violuric 
acid the original figure 14*50 has fallen to 4*13, whereas in the 
case of laavulinic acid the fall has been greater, from 13 85 to 
2*36. Thus through the same change of character of the 
solutions we have produced a drop of 10'37 units in the case 
of violuric acid and 11*49 units in the case of Isevulinic acid. 
In other words, the pseudo-acid has shown less decrease in 
conductivity than the true acid. 

This criterion is not applicable in every case, for Euler^ 
has shown that phenyl-nitramine and acetic acid give practically 
the same results, as the following figures for K. 10® prove : — 





Water 


40^ Aloohol 


Phenyl-nitramine 


17-6 


1-26 


Acetic acid 


17*8 


1-86 



To this, Hantzsch^ retorts that the criterion does not neces- 
sarily hold in the case of every pseudo-acid ; all that we need 
say is that if a substance agrees with it, then that substance 
is a pseudo-acid. If the substance does not show the phenomena 
it may or may not be a pseudo-acid ; and further tests must be 
applied if we are to determine its nature. 

10. The Befractometbic Method 

In the foregoing sections we have dealt with the criteria 
laid down by Hantzsch in the course of his researches on the 
pseudo-acids. There remains one other method, devised by 

' Euler, Bw,, 1906, 89, 1607. 
< Hantzsch, JStfr., 1906, 89, 2098. 
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Mnller/ which enables us to determine whether a pseudo- 
acid is present. It is well known that in many cases 
it is possible to calculate the refractive index of a given 
substance by simply adding together a series of known factors 
which correspond to the atoms and linkages of the substance's 
molecule. This method breaks down when tautomeric change 
is possible within the molecule, as then we might get an 
observed value corresponding to either form of the compound's 
structure or to a mixture of the two forms. In such cases it 
is often possible to determine the exact constitution of the 
substance observed, even when it consists of a mixture of two 
isomerides. 

Now suppose that we have an acid BH yielding a 
sodium salt BNa which is formed without intramolecular 
transposition^ it is clear that if we take the difference of the 
refractivities of BH and BNa under identical conditions this 
difference will depend entirely upon the H and Na, that is, 
the difference will be a constant for all normal acids. This 
constant difference has been found to be approximately 1*6. 
Let us now consider the case of a pseudo-acid. Here, not only 
have we the replacement of hydrogen by sodium, but in 
addition we have an alteration of the compound's structure 
due to the change of the pseudo-acid into the true acid previous 
to salt formation. This change in structure is accompanied by 
a considerable alteration in refractivity, so that in the case of 
the pseudo-acid we should expect to find that the difference 
between the refractivity of the parent substance and that of 
the salt would diverge considerably from the normal difference 
of 1*6 imits. This has actually been found to be the case by 
MuUer. Taking into account the accuracy with which refrac- 
tivity measurements can be made, this method of proving the 
presence of a pseudo-acid appears to possess considerable advan- 
tages over most of the others. 

11. Conclusion 

We have now discussed the various criteria which may be 
applied to determine whether or not a given substance should 

^ MuUer, C,r,^ 1902, 134, 664 ; 9ee also his article in R^cents progris de la 
chvmie (2iid Series), 1906, p. 40. 
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be ranked as a pseudo-acid or as a normal acid. Some of 
Hantzsoh's original suggestions have proved of no value, and 
it is clear that others are either of little use or of very limited 
application. The most valuable ones seem to be the phenomena 
of slow neutralization, the change of colour in passing from a 
pseudo-acid to its alkali salts, and the refractometric method. 
Of less importance are the temperature coefficients, the forma- 
tion of abnormal hydrates, and the conductivity decrease in 
aqueous-alcoholic solutions. The ammonia resrCtion and the 
supposed abnormal hydrolysis of pseudo-acids have been proved 
to be worthless. 
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CHAPTER V 

COLLOIDS 
1. General 

Graham,* in the course of his researches on diffusion, came to 
the conclusion that a substance in solution may belong to either 
of two classes. The first of these divisions contains those com- 
pounds which can easily be induced to crystallize, and which 
diffuse rapidly through animal membranes. The second clsiss 
of substances does not form crystals, and their velocities of 
difiusion are very markedly less than those of the other (crystal- 
line) bodies. To distinguish the one class from the other, we 
designate the former as crystalloids and the latter as colloids} 
The name is derived from icc^XXa, glue being a very good 
example of the colloidal type. 

It will be remembered that if we add an acid to a solution 
of sodium silicate, a flocky gelatinous precipitate of silicic acid 
is thrown down from the solution; but that if, on the other 
hand, we pour a solution of silicate into concentrated hydro- 
chloric acid, no such precipitate appears. Phenomena such as 
these led Graham to recognize two subdivisions of his colloid 
class. The first of these sections contained the colloid solutions, 
such as that of silicic acid in strong hydrochloric acid ; to these 
he gave the name sols. In the second section he placed the 
actual colloid precipitates, which, from their gelatinous nature, 
he designated as gds. 

Graham found that colloids could be formed in solutions 
other than aqueous, and this necessitated a slight addition to 
his nomenclature. Where the liquid medium was water, he 
termed the bodies hydrosols and hydrogds ; when the liquid was 
alcohol, the substances were named odcosoh and alcogels ; other 
fiuids were described in analogous ways. 

^ Graham, AwnaXent 1862, 181, 1 ; Arm, chim. phys,, (iv.) 1864, 8, 121. 
s For a fall treatment of this subject, see Wo. Ostwald's Chrundriss der 
KoUoidchemie, 1911. 
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In recent years, considerable advances have been made in 
the study of colloidal solutions, and it is now known that they 
consist of two phases : a liquid and a series of liquid or solid 
particles which float in the liquid. This has given rise to a 
new nomenclature and classification of colloid systems. Using 
the ordinary phase rule nomenclature, we speak of the solution 
as a heterogeneous system ; the liquid is termed the dispersion 
medium; and the suspended particles are called the disperse 
phase. Wo. Ostwald uses the name dispersoid to indicate 
heterogeneous systems in generaL 

Suppose that we imt^ne the case of a solid which has been 
coarsely powdered and suspended in water. If the particles are 
sufficiently large we shall be able to distinguish them with the 
eye or under the microscope. In that case, we have a sus- 
pension. It is clear that if we reduce the size of the separate 
particles of solid sufficiently we shall reach a stage when they 
are no longer visible, even with the aid of the microscope ; 
at that point we reach the region of a colloidal solution. We 
can imagine the process of section carried further, until each 
particle of the disperse phase is a single molecule ; and finally 
we may arrive at a stage where the degree of dispersion is such 
that the molecules are dissociated into ions. It will be seen 
from this that there is no possibility of drawing a sharp line 
between any two classes of colloids, for each type shades into 
the one next it by imperceptible degrees. The following rough 
classification is given by Wo. Ostwald.^ 

Suspensions Colloid solutions Molecular and super- 

molecular disper- 
soids 
Size Size Size 

greater than 0'1/x between Ol/u and l/u/u about l/u/i or less 
Specific superficies * Specific superficies Specific superficies 
< 6 . 10« between 6 . 10*^ and > 6 . IC 

6.107 
Increasing degree of dispersion 

* Wo. Ostwald, Qnmdir%M der KoUoidchemie, 1911, pp. 32-36. 

* Speoifio snperficies represents the total superficies divided by the total 
yolume of the disperse phase. 
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There is a further subdivision of colloid systems which we 
must take into account. An examination of various colloidal 
solutions shows that in practice they can be separated into two 
distinct classes : suspensoids and emidsoids. For example, when 
we determine the viscosity of two colloidal solutions, we may 
find that one of them has a viscosity practically identical with 
that of the solvent, while the other colloidal solution has a 
much greater internal friction. The former belongs to the class 
of suspensoids, while the latter is termed an emulsoid. Investi- 
gation has shown that temperature has a greater influence in 
the case of the emulsoids than in that of suspensoids. When 
we cool an emulsoid solution, the viscosity increases to a very 
marked degree as the temperature falls, while in the case of 
suspensoid solutions this phenomenon is not so prominent. A 
further difference between the two classes is observed in the 
phenomena of coagulation. The addition of a very slight trace 
of an electrolyte to a suspensoid will cause it to coagulate, but 
in the emulsoid group a much greater quantity of electrolyte is 
required before coagulation sets in. 

Though, technically speaking, the subject of the colloids 
falls more within the province of physics than within that of 
chemistry, it has in practice become a chemical problem rather 
than a physical one. There are two reasons for this. On the 
one hand, the chemical side of the question comes to the front 
in the preparation of the substances ; most recent research has 
been led up to by purely chemical investigations. Secondly, of 
late years organic chemistry has come more and more into 
touch with physiology ; and in this way the importance of 
colloids has been brought home to both organic and physical 
chemists, since almost all the more complicated natural 
substances are colloidal in nature. It thus becomes of very 
considerable importance to us to gain some knowledge of the 
character and properties of this class of bodies. 

In the following pages, a brief account will be given of the 
preparation and properties of the colloids, laying most stress 
upon the sol form ; and some attempt will be made to indicate 
the more important hypotheses which have been put forward to 
account for the existence of this type of substances. At the 
same time, it must be remembered that only the most general 
treatment can be aimed at in the space at our disposal. A 
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subject which now possesses a journal of its own can hardly be 
dealt with— except in the most cursory manner — within the 
limits of a single chapter. 

2. The Preparation of Colloids 

In this section we need not enter into any details as to the 
preparation of those organic substances of high molecular weight 
which occur naturally in animal and vegetable tissues. It will 
serve our purpose better to confine ourselves to much simpler 
cases which are known among inorganic compounds and 
elements, for in them the main characteristics can be more 
clearly seen than is the case with the more complicated organic 
bodiea 

The first method of preparing colloids is by the ordinary 
process of double decomposition. Here, however, we must 
recognize two different types; for, as a result of our double 
decomposition, we may have formed in addition to our colloid 
a non-electrolyte or an electrolyte. Suppose we take an alkyl 
derivative of aluminium and add it to water ; a hydrocarbon is 
produced, and the aluminium hydrate is precipitated in colloidal 
form — 

2A1(CH8)3 + 6HaO = Ala(0H)6 + 6CH4 

An examination of the right-hand side of the equation will 
show that in this case, apart from the colloid, we shall have 
nothing left in the solution, so that we can complete the 
isolation of the colloidal mass by simple filtration. On the 
other hand, we may precipitate aluminium from its salts by 
means of alkalis — 

Ala(S04)8 + 6NH4OH = Ala(0H)6 + 3(NH4)aS04 

In this case we have left, along with the aluminium hydroxide 
gel, the ammonium sulphate formed in the reaction. To get 
rid of this we may adopt either of two methods. We may 
simply wash with water until we remove all ammonium 
sulphate, leaving behind on the filter the aluminium hydroxide. 
This method is rather tedious, and in some cases may not lead 
to a good result; for the colloid, when nearly freed from the 
ammonium salt, may go into solution as a hydrosol, and in 
this condition sink into the pores of the filter-paper. (This is. * 
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often noticeable in ordinary analyses.) The second* method of 
separating colloids from crystalline salts depends upon the fact 
that colloids pass through an animal membrane very slowly, 
though crystalloids do so with ease. This phenomenon was 
noticed by Graham, who gave to it the name dialysis. To 
separate the colloid from the crystalloid, we need only place 
the mixture of the two in a dialyzer, and add water. The water 
outside the dialyzer must, of course, be changed repeatedly, in 
order to promote rapid dialysis of the crystalloid. It should be 
noticed that even a sol will not pass through a dialyzer ; so that 
even if we start with a mixture of ammonium sulphate and a 
colloid, both in solution, the dialyzer in the end will contain 
the colloid sol which it has retained, while the crystalloid 
ammonium sulphate will have passed out. 

A second method of preparing colloids depends upon the 
hydrolysis of salts of metals. For example, if we boil a solution 
of aluminium acetate for a time, it breaks down into aluminium 
hydroxide and acetic acid ; the latter, being volatile, disappears 
from the solution, leaving the colloid — 

AlaCCaHaOa^j + 6HaO = Ala(0H)6 + BCHa . COOH 

Since the decomposition of the acetate is not likely to be com- 
plete, it is usually necessary to dialyze the solution in order to 
get rid of the undecomposed portion. 

A third method of preparation rests upon the conversion of 
one colloid into another. For instance, if we act upon tin 
with nitric acid of specific gravity 1'35, we obtain metastannic 
acid. This body, if left long in contact with hydrochloric 
acid, becomes soluble in water, and gives stannic acid hydrosol. 
We have thus got a colloidal solution. If to this we add 
sulphuretted hydrogen, we shall convert the stannic acid into 
sulphide of tin, which is also a colloid. Thus we have prepared 
one colloid from the solution of another. 

Bredig ^ has shown that many metals may be reduced to a 
colloidal condition by using wires of them as electrodes for a 
small arc which is allowed to play under water. In this way 
the metal is thrown off in such a finely divided condition that 
it forms a sol with the water. 

A fifth method of preparing colloid sols is to liquefy a 

* Bredig, AnorgavMChe Fennente, 1901, pp. 22 ff. 
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colloid gel. It is found that in some cases a mere trace of an 
electrolyte will convert a solid gel into a fluid sol. Graham ^ 
found that if one part of caustic soda in ten thousand of water 
were added to two hundred parts of silicic acid, and the whole 
was heated to 100° C. for an hour^ the corresponding sol was 
produced. 

Finally, under certain conditions, hydrosols of metals can 
be obtained by precipitating the metals from their solutions by 
means of reducing agents such as formaldehyde or hydrazine. 
This method has not a very wide field of application, however, 
as it is chiefly confined to the noble metals. 

3. The Pkoperties of Colloidal Solutionb 

Biffumxm, — It has already been pointed out that a very 
striking difference between colloids and crystalloids is to be 
found in their relative capacity for diffusion through animal 
membranes. One or two examples will make clear the enormous 
difference in this respect between the two classes of bodies. The 
figures below show the relative intervals of time which elapse 
before the same amount of substance is dialyzed at a temperature 
of 10° C- 



CoUolds. 
White of egg . 
Caramel . 


. 49 
. 98 


Cryitanolda. 
Hydrochloric acid . 
Sodium chloride 


. 1 

. 2-33 






MagneBinm sulphate 
Sugar 


. 7 
. 7 



From this extreme slowness of diffusion we may deduce that 
the force driving the colloid molecule (its osmotic pressure) is 
extremely smhll, or that the friction of its passage through the 
solution is very great. It is very probable that both these 
factors play a part in the matter. Osmotic pressure measure- 
ments in colloid solutions show that the pressure is very small 
indeed, and the molecular weights of the colloids are probably 
of the order of 10,000. Sabanejeff and Alexandroff » fo\md that 
white of egg has a molecular weight of about 14,000 ; and this 
is probably near the lower limit. But all these measurements 
depend upon the assumption that we are dealing with a true 
solution. 

> Graham, Awn,, Physik., (2) 1664, 128, 629. 
,« Sabanejeff and Alexandroff, J, Buss. Phys. Chem. 8oc., 1898, [1], 7. 
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Optical Properties, — When we go into a room which is lit 
by ordinary diffused light, we do not detect the dust-particles 
which are floating in the air about us ; but if we go into a 
darkened room through which a strong ray of sunlight is 
allowed to pass, we see the whole beam of light filled with 
moving specks of light. A similar effect can be observed in 
the case of some fine particles suspended in a liquid. To the 
naked eye in diffused light, the beaker containing the liquid 
appears to contain no suspended material, but if we place the 
beaker in a dark room and pass a fine beam of light through 
the liquid, we see the suspended particles floating through the 
beam. If the particles are sufiGiciently fine, we shall not be able 
to detect them with the naked eye, but we shall merely see a 
bright bar where the ray passes through the liquid. Now, such 
a bar of light might be produced in either of two ways. If 
the substance in the beaker were a fluorescent body, it might 
be absorbing the rays of the beam and sending out other rays ; 
whereas if we have a mere suspension, the light which we see 
is simply reflected from the surface of the particles. To 
distinguish between these two cases, we examine the emitted 
light with a Kicol prism, and if the light is polarized, it is 
clear that we are dealing with a suspension which reflects light 
from the surface of its particles and hence shows the ordinary 
phenomena of polarization by reflection ; the light emitted by 
fluorescent solutions is not polarized, as it is produced by 
intramolecular vibrations of the solute, and not by reflection 
from the surface of the particles. 

Upon this basis, the modern ultra-microscopic investigations 
have been built. The elements of the ultra-microscope are 
simple, though of course in actual practice there are many 
refinements which we need not describe here. The solution 
to be examined is placed in front of a dark background, and 
through the side of the vessel a very powerful beam of light 
is passed, usually concentrated to a focus in the middle of the 
liquid by means of a lens. An ordinary microscope is then 
focussed upon some part of the light ray, the axis of the 
microscope and that of the ray being inclined at right angles 
to one another. If the microscope be a low powered one and 
the suspension be very concentrated, it is probable that even 
with the aid of the microscope we shall not be able to see more 
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than a bright haze in the field. But by diluting the suspension 
by degrees, we come to a point where separate particles become 
visible on the dark background, and finally on further dilution 
we reach a stage where the number of particles in the field can 
be counted at a glance. Thus if we know the mass of substance 
in the original suspension we can tell the mass of the body in 
the field at the last stage in the process, and on dividing this 
by the number of particles which we count in the field, we 
can form an estimate of the average size of the particles in the 
suspension. By means of the ultra-microscope it is possible 
to recognize the existence of particles having a linear diameter 
of 5^ (l;i/i = O'OOdOQl mm.). From investigations with this 
instrument it appears that organic colloids are built up from 
larger and smaller masses, some of which are so small as to 
evade the ultra-microscope at times. Colloidal metals, on the 
other hand, appear to be formed of masses of small independent 
particles ; and in the cases of several metals, it has been 
possible to measure (of course only very approximately) the 
linear dimensions of some of the particles. The following 
figures give some idea of the size of these objects. 

Goldhydrosol 29-^fi 

Platinum hydrosol 44;i 

Silver hydroaol 60—77/;* 

In some gold hydrosols, particles having the linear dimensions 
1'7/u exist; and since the diameter of a hydrogen molecule 
according to the kinetic theory is about 0'00016/i, it follows 
that these particles have a diameter equal to ten thousand 
times that of a hydrogen molecule. In these hydrosols, there- 
fore, we are reaching down very near to the confines of the 
molecular world. 

CoTiductivUy. — Turning now to the electrical properties of 
colloid solutions, we may deal first with the attempts which 
have been made to determine whether or not colloids are 
electrolytes. The results obtained by different investigatora 
are somewhat contradictory. On the one hand, Billitzer,^ 
Whitney and Blake,^ &om examinations of colloidal gold and 
platinum sols, came to the conclusion that the colloids had a 
distinct conductivity* For instance, Billitzer measured the 

^ BiUitsser, Wim. Ber,, 1902, 111, 1898. 

' Whitney and Blake, J, Am, Chem, 8oc., 1904, 96, 1839. 
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conductivity of water before and after the formation in it of 
colloidal platinum, and found the following figures — 

Gonduotivity of the water 0-81 x 10-* 

Gonduotivil^ of the platmmu hydrosol . 1*14 x 10~* . 

Again, when a colloidal gold sol is placed in a dialyzer, it 
appears that the conductivity of the liquid within the cell is 
higher than that of the liquid outside. 

On the other hand, it is suggested by some authors that the 
conductivity of sols is due to the presence of slight traces of 
electrolytes. Barus and Schneider ^ state that silver hydrosol 
is practically an insulator ; Malfitano ^ observed that when a 
colloid was filtered through a collodion membrane a consider- 
able part of it remained behind, and yet there was no change 
in conductivity produced by the filtration. Pauli^ found that 
white of egg, after being purified by most careful dialysis, was 
almost a complete non-conductor. 

The data at present known in this branch of the subject are 
evidently too few and too contradictory to allow us to form 
any definite opinion upon the question. 

Cataphoresis, — ^The other elegtrical property which is of 
importance in the case of colloids is the phenomenon termed 
cataphoresis. If we take a porous cell, place it in a bath of 
some weak electrolyte, and then dip one electrode into the cell 
and another into the bath, we shall find, on switching on the 
current, that the water-level rises at one electrode and sinks at 
the other, provided the current be sufficiently strong. The 
explanation of the phenomenon is to be found in the fact that, 
by the passage of the current, the portions of the electrolyte 
which are lying in the narrow tubes formed by the porosity of 
the cell wall are propelled in the direction of the electric 
current (at least in aqueous solutions), and consequently the 
water-level rises in the cell containing the cathode. The 
phenomenon is analogous to osmosis, and is sometimes termed 
electrical osmosis. It has been observed that this electrical 
wandering takes place in the case of certain liquids in which 
particles cure suspended ; and from this it is only a step to fine 

1 BaniB and Schneider, Zeitsch. physikal Chem., 1891, 8, 278. 
* Aialfitano, Compt, rend,, 1904, 189, 1221 ; but compare Dnclauz, ibid., 
1906, 140, 1468. 

s PauU, BeitrOge chem, Physiol Path., 1906, 7, 631. 
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colloidal substances. Picton and Linder^ showed that in the 
case of the latter bodies the same rule held good ; the direction 
of the wandering is determined by the chemical nature of the 
colloid. A sol of arsenic sulphide, which is acid in character, 
moves towards the anode, while ferric hydroxide sol wanders 
towards the cathode. 

From the work of Pauli it appears that if white of egg be 
submitted to a long-continued process of dialysis it shows no 
cataphoresis, and the colloid therefore carries no recognizable 
electric charge. But if we add to the solution a drop of acid, 
we get the cataphoresis phenomenon at once, and the particles 
wander with the positive current towards the cathode. On 
the other hand, if we add a drop of an alkaline solution to 
the colloid, an opaque white mass wanders towards the anode. 
In other words, colloids in themselves have no electrical 
charge; but in presence of acids or add salts they acquire 
a positive one; while in presence of alkalis they become 
negatively charged. 

The Brovmian Movement, — The last general phenomena 
connected with colloids which we need mention in this place, 
is what is termed the Brovmian movement In 1828, Brown 
observed microscopically that if a number of fine particles were 
suspended in water, they became actuated by some force which 
led them to vibrate rapidly through small arcs about a mean 
position. Becent research upon colloids has shown that within 
them the Brownian movement is going on continually. Now, 
it is natural to assume that this rapid vibratory movement 
owes its origin to the action of forces such as heat or light, 
which may set up convection or other currents in the solutions 
in which the Brownian movement takes place, and in this way 
induce the movements of the particles. A recent investigation 
of Smoluchowsky, however, appears to have disproved this 
hypothesis. This author^ finds that the Brownian movement 
is a general phenomenon if the particles have a maximum 
diameter of 0'004 mm. For particles of this size, the average 
velocity in water at 23** C. is 0'00038 cm. per second. Smolu- 
chowsky found that the chemical nature of the particles has 
very little effect ; but great influence is exerted by the niedium 

> Pioton and Linder, Tra/ns., 1892, 61, 148. 

' Smoluchowsky, Arm. Physik,, [4] 1906, 21, 766. 
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in which they are suspended, its viscosity being the main factor 
in the problem. The motion appears to go on sis long as the 
particles float in the liquid, for even after a year they still 
seem to move as freely as ever. Neither heat from an outside 
source nor light is necessary to bring about the motion. 

A study of the Brownian movement has been made by 
Svedbergi in the following manner. If we pass a solution 
containing a series of particles through the field of an ultra- 
microscope at constant velocity, we should see each particle 
represented by a straight line of light if the particle went direct 
through the field. If, however, the particles are endowed with 
the Brownian motion, we shall get a wavy line instead of 
a straight one, and then we can measure the amount of 
divergence, from the mean quite simply by means of a cinema- 
tograph camera or a slipping photographic plate. If we know 
the speed at which the particles are passing through the field, 
it is easy to calculate the path of the particle in its Brownian 
movement in one plane. From a study of various cases, 
Svedberg was enabled to put forward two general propositions 
with r^jard to the movement. In the first place, he finds that 
the amplitude of vibration is directly proportional to the 
period of vibration- In other words, the Brownian movement 
is a uniform one, and is not similar to the motion of a pendulum 
wliich moves fast at the bottom of its path, and slowly at either 
end. Secondly, the distance traversed by a particle in unit 
time is proportional to the viscosity of the dispersion medium. 

fiamsay^ regards the Brownian movement as due to the 
impacts of the molecules of the fluid upon the solid, suspended 
particles; so that the process resembles that which takes 
place in a radiometer. From experimental data he calculated 
that a particle weighing 2*8 x 10~^^ grms. would have a 
velocity of 1*4 x 10"^ cms. per second. Now, the addition of 
a trace of an electrolyte to a sol causes a cessation of the 
Brownian movement. But we have already seen that the 
action of a trace of alkali, for instance, is sufficient to convert 
a solid gel into a fluid sol ; in other words, the action of the 
electrolyte is to break down the larger aggregates of the 
gel. If we suppose that water itself is made up of a series of 

^ Svedbeig, EiMod-ZeiUchriSt, 1910, 7, 1. 
« Ramsay, Froc., 1892, 7, 17. 
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molecular aggregates, these in their impacts against the solid 
suspended matter will have sufBcient momentum to produce 
Brownian movements ; but if by the addition of an electrolyte 
these comparatively large aggregations are broken down, the 
smaller masses which result from their decomposition will not 
have suflSoient weight to affect the solid particles. 

Independently of each other, Einstein^ and Smoluchowsky^ 
from theoretical physical assumptions have deduced a formula 
which expresses the kinetics of disperse systems extremely 
well, and which agrees closely with the results of Svedberg. 
The formula of Einstein is — 



V: 






in which A is the mean path of a particle, E is a conswant, 
B is the ordinary gas conmant, T is the absolute temperature, 
K is the number of particles of a gramme-molecule of the 
dbperse phase, t is the period of vibration, ^ the viscosity of 
the dispersion medium, and t the radius of the particles, 
assumed to be spherical. 

Catalytic Action. — The foregoing paragraphs give an idea of 
the general characteristics of the colloids, but in conclusion it 
may be well to mention one particular case which is of con- 
siderable interest. Bredig,^ in studying the properties of his 
platinum sols, discovered that they have a ferment-like action 
upon many substances. For example, a comparison of the 
actions of emulsin and a platinum sol upon hydrogen peroxide 
showed a remarkable similarity between the two catalysts. 
Again, just as ferments can be poisoned with hydrocyanic acid 
or other bodies, so the platinum sol loses its ferment-like action 
in presence of traces of such poisons. 

4. Coagulation 

It has already been mentioned that under certain conditions 
we can change a sol into a gel and vice versd. When a gel is 
produced the process is termed coagulation. 

There appear to be no general rules to guide us in an 

^ Einstein, Arm. Physik., [4] 1906, 17, 649. 

« SmoluohowBky, Aim. Physik,, [4] 1906, 21, 766. 

» Bredig, AnorgcmiscTie Fermente, 1901. 
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attempt to classify the methods by which coagulation may be 
brought about. Some sols are converted into gels by heating, 
but this is by no means a general rule. Again, some sols are 
coagulated by the addition of electrolytes to them ; but there 
are exceptions to this also. Inorganic colloids appear as a 
whole to be unaffected by the addition of non-electrolytes; 
but, on the other hand, an organic colloid such as is found in 
egg albumen can be precipitated by alcohol. It is clear from 
this that there is no use attempting to classify the coagulation 
phenomena from the point of view of the agents which are 
employed to bring about the action. There is, however, another 
mode of arranging the reactions which wiU serve as a rough 
guide. It is found that the conversion of some sols into gels 
is a reversible reaction, while in other cases the process can 
only be made to take place in one direction. We therefore 
divide coagulation phenomena into two classes : first, those in 
which coagulation is reversible ; second, those in which it is an 
irreversible reaction. Between these two classes comes a third; 
for in some cases it is possible to get a reversible reaction 
under certain conditions, while if these conditions be exceeded 
the process becomes irreversible. 

Let us take up first the irreversible processes. It has been 
found, in the case of precipitation reactions, that the action is 
practically irreversible. The study of this class of reaction has 
led to the discovery of two points which are of some importance. 
In the first place, it is found that in order to precipitate an 
inorganic gel from the sol condition, a certain minimum amount 
of an electrolyte is required. The amount of the electrolyte 
necessary depends upon its nature ; but it is an invariable rule 
that if the amount of electrolyte present be under the minimum 
quantity it will not precipitate the gel, no matter how long the 
solution be left to stand. Again, if we treat a colloid like 
arsenic sulphide with various salts, we shall find that the 
power of coagulation of the salt depends upon the valency of 
the cations and is independent of that of the anions. If we 
take a basic colloid such as ferric hydroxide, the conditions are 
reversed ; for here the valency of the anion is the predominat- 
ing influence, while that of the cation ceases to be of any 
account. This has been expressed by Hardy somewhat as 
follows. The power of precipitation of a salt depends upon the 
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valency of one of its ions. The predominant ion is either positive 
or negative according as the colloidal particles move with or 
against the current. The ion having the power of coagula- 
tion has always an electric charge opposite to that of the 
particles. 

We must now turn to the case of organic colloids. Here 
the chief coagulating agent is heat. It has been found that 
under certain temperatures coagulation does not take place, so 
that we can speak of the coagulation-temperature of a colloid. 
We must not, however, assume that the coagulation will always 
take place at this temperature ; for it has been shown that if 
we purify the colloid from electrolytes by means of dialysis, we 
can then heat it above the coagulation-temperature without any 
coagulation taking place. 

We now come to the question of reversible coagulation. If 
we warm glue, we obtain a liquid which on cooling returns 
again to the gel condition. A solution of gelatine in water 
will show the same series of changes. We need not enter 
further into the matter here. There is, however, another class 
of such changes which offer a peculiarity in their behaviour. 
If we slowly evaporate the water from- a sol of silicic acid at 
ordinary temperatures, we obtain a glassy mass from which we 
can obtain the sol once more by merely adding water to the 
soUd. But if we remove the water completely from the gel 
by heating it, we shall find that it no longer shows any 
tendency to re-dissolve, and no sol can be prepared from it 
Thus in this case we have an example of the intermediate class 
of colloidal bodies, viz. those which have either a reversible 
or an irreversible coagulation according to the conditions we 
employ. 

5. Theories on the Nature of Colloids 

When we examine the properties of colloids as a whole, 
there are two properties which must be accounted for by any 
theory which seeks to make clear the nature of colloidal 
substances. The first of these is the property of coagulation 
possessed by colloids ; the second is the electrical effects which 
are manifested by colloidal bodies. In the following paragraphs 
a brief summary of various views on the subject will be given ; 
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for further information the reader must be referred to Wo. 
Ostwald's Orundriss der KoUoidchemie, as well as to the original 
papers of the authors mentioned. 

If we consider the nature of the colloids from the broadest 
possible standpoint, it is clear that we may regard them as one 
of two types, for they must be either suspensions or solutions. 
The earliest theory on the subject was put forward by Graham,^ 
who regarded the difference betweeu colloid and crystall<Jid 
merely as one of the degree of aggregation. He assumed that 
crystalloid silicic acid was made up of a series of very small 
crystals, so when the silicic acid became colloidal, it simply 
meant that these tiny molecular crystals became associated 
together into larger masses which had colloidal properties. 
Coagulation, on this view, is simply a further step in the 
process ; the colloidal masses in turn become associated with 
each other and so produce the coagulated colloid. This view, 
though it suffices to explain the coagulation phenomena well 
enough, does not really get us much further forward ; and it 
quite fails to explain why some bodies are capable of forming 
colloidal masses whUe others have not this property. 

Van Bemmelen takes up a rather more complex idea. If 
we have two substances X and Y, it is often possible by choosing 
the proper conditions to convert them into another pair of. 
substances, x and y, where a? is a solution of X in Y, and y 
is a solution of Y in X. For instance, if we gradually add 
phenol to some water in a beaker, we shall in the first place 
have a simple solution of phenol in water. If we continue 
to add phenol, however, until 8 per cent, of it is present, no 
more can be dissolved in the water, and any additional phenol 
which we add will sink to the bottom of the vessel and form 
a layer there. This layer of phenol, however, is capable of 
dissolving water ; so that we have a solution of water in phenol 
at the bottom of the beaker instead of pure phenol. Thus our 
two starting substances, water and phenol, are now replaced 
by two other substances : a solution of phenol in water and 
a solution of water in phenol. If we raise the temperature of 
the beaker, we bring the solubility of phenol in water nearer 
to that of water in phenol ; and eventually, at about 68° C, 
we reach a point at which the two are equal. At this 
1 Graham, Awndlen, 1862, 181, 1. 



Digiti 



zed by Google 



COLLOIDS loi 

temperature the two liquid layers will become merged into 
each other and the liquid will be homogeneous. The presence 
of foreign substances will naturally affect the conditions of 
solubility and equilibrium, just as the temperature does. 

Let us apply an analogous view to the case of a gel 
separating from its sol. Take the case of colloidal silicic acid 
as a concrete example. We have here the water as before, and 
i&tead of phenol we have silicic acid. These will form two 
different substances, the gel and the sol. Now, an examination 
of the structure of gels shows that they are really absorptions 

^ of the sol-liquid contained by membranes of semi-solid gel 
material. In other words, to some extent we have a solution 
of the gel in the sol to form a viscous material ; and on the 
other hand we have a clear solution of the gel in the sol. 
Naturally, just as in the case of phenol in water, we shall have 
an equilibrium which is capable of being influenced by the 
presence of salts or by the variation of temperature. This view 
of colloid structure is remarkably interestiug from some points 
of view. 

The partition theory of Spiro and Hofmeister* depends 
upon somewhat similar conceptions. If we take as a basis the 
salting-out of ether from water by means of sodium chloride, 

— we shall have a rough representation of the colloid coagulation 
according to the partition theory. Let us suppose that we have 
a colloid in solution, and that when we add alcohol to the 
solution we precipitate the colloid. We have then a system of 
two phases, each of which contains some of each of the three 
components : colloid, alcohol, and water. Since the alcohol 
will be evenly distributed through the water, it is clear that 
we have a constant relation between alcohol and water in the 
precipitated part of the colloid ; but the relation of colloid to 
alcohol is not constant. The precipitated phase is obviously 
weaker in solvent than the original solution was ; this has been 
shown to be the case with gelatine solutions, when a series of 
precipitations is carried out with salt solutions of gradually 
increasing concentration. Spiro finds, however, that this 
deprivation of solvent is not the only causal influence in the 
precipitation; for other properties of the precipitant, such as 

^ Hofmeister, Arch, exp. Path, Pharm,, 1890, 27, 896 ; 1891, 88, 210 , Spiro, 
BeitrOge chem, Physiol Path., 1908, 4, 820. 
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surface tension, compressibility, and viscosity, appear to enter 
into the problem as well. 

In the foregoing theories, it will be observed, no particular 
attention is paid to the electrical properties of colloids. These 
properties, however, are so peculiar and so marked that several 
authors have based on them various views as to the nature of 
colloidal substances. We must now turn to examine these 
suggestions. 

In one of the previous sections of this chapter, we have 
mentioned that the direction of the electric cataphoresis of 
colloids depends upon their nature ; the acidic colloids wander 
towards the anode, while the basic colloids move in the direc- 
tion of the cathode. Hardy ^ has shown that a similar pheno- 
menon can be produced by adding an electrolyte to the colloid 
solution. It will be remembered that pure white of egg shows 
no cataphoric action whatever. But if we add to it a little 
alkali, we find that cataphoresis takes place, and that the 
particles of colloid move towards the anode; whereas if we 
electrolyze in acid solution, the colloid wanders to the cathode. 
We can best explain this by assuming that in alkaline solution 
the particles of colloid in white of egg are negatively charged, 
while in acid solution they are positively charged ; the solution 
in each case being charged with electricity of opposite sign. 
If we have a neutral solution — i.e. in the case when we have 
the pure colloid present — there is practically no difference in 
potential between the particles and the liquid, so that both are 
" iao-eleotric." Now, on Hardy's view, the explanation of 
colloid phenomena is to be sought in this state of affairs. It 
will be remembered that in many cases the action of the 
precipitant depends upon the nature of its cation. In these 
cases, the colloid particles are negatively charged, and the 
addition of the precipitant discharges them and thus brings 
the whole system near the " iso-electric " point. As soon as 
this point is reached, the particles cease to interact electrically 
with the liquid around them and simply become influenced 
by gravity, with the result that they flock together and are 
precipitated. 

Bredig^ has put forward somewhat similar ideas, but in 

^ Hardy, Zeitsch. physikal Chem,, 1900, 83, 385. 
' Bredig, Anorganische Fermente, p. 16. 
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addition he poiuts out that the removal of the charge would 
leave the surface tension free to produce a centripetal move- 
ment of the particles, and thus lead to coagulation. On this 
view, coagulation is caused by a capillary-electric surface 
diminution, which proceeds more rapidly the greater the surface 
tension of the suspension becomes with respect to the liquid, 
owing to the decrease of the potential difference and the 
simultaneous absorption which occurs. 

Billitzer has criticized these views on the ground that 
absence of potential differences cannot be the sole cause of 
coagulation ; for that phenomenon can be brought about in the 
case of colloidal platinum by means of alcohol, formaldehyde, 
or even by salts which are not hydrolytically dissociated, such 
as potassium chloride. Again, if we examine the potential of 
mercury in conjunction with its surface tension, we find that 
the surface tension reaches its maximum when there is a 
difference of potential of three-quarters of a volt between the 
metal surface and the liquid. If the theory were correct, the 
maximum surface tension shoidd coincide with the minimum 
potential difference. 

Billitzer's own explanation^ is somewhat as follows. In 
the solution of an electrolyte the colloid particles which are 
charged positively with respect to the liquid draw to them- 
selves the anions, which they condense upon their surfaces; 
negatively charged particles attract the cations in a similar 
manner. In this way the ions act as condensation germs by 
attracting the charged particles and producing a large un- 
charged mass. The process is somewhat similar to that which 
takes place in the ordinary '' dust-counter," in which each dust- 
particle serves as a nucleus around which water- vapour con- 
denses. It has been proved by Linder and Picton^ that 
colloidal arsenic sulphide absorbs bcurium ions from barium 
chloride solution; and similar results have been obtained by 
Whitney and Ober ^ and by Spring.* Billitzer has shown that 

^ Billitzer, Z^iMh, Electrochem., 1902, 8, 688 ; Wien. Ber., 1902, 111, 1898 ; 
1908, 112, 95; 1904, 118, 1159; Zeitsch. phyaikal, Chem., 1908, 45, 807; 1^, 
61, 129.. 

* Linder and Pioton, Tram,, 1895, 67, 68. 

* Whitney and Ober, J, Amer, Chem. Soc., 1902, 88, 842. 

* Spring, Arch, sc. phys, nat, (4) 10, 805. 
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this absorption takes place during the coagulation process, 
which certainly strengthens his theory. 

Another view of colloids has been put forward by Donnan.^ 
He considers what would happen if a substance had a negative 
surface tension. Under these circumstances, it would cease to 
exist in its first form and pass into a second condition of 
division. At some particular point in the process we reach 
a state in which the potential energy of the system is at a 
minimum. At this point the particles of the body reach what 
may be called a critical size in grain. The critical grain size 
can be reached either by the breakdown of larger agglomera- 
tions or by the union of finer particles. For instance, if we 
have a large agglomeration in the liquid, it will be acted upon 
by two forces ; on the one hand we have the attraction from 
the centre of the mass of particles, and on the other hand we 
have . the pull of the particles of solvent from the outside. 
These two mutually opposed forces will come into equilibrium 
when the agglomeration is reduced to the critical size of grain. 
At this point we have a colloidal solution. 

There are many other theories of the nature of colloids, 
but into these we cannot enter here. It is supposed by some 
authors ^ that colloidal solutions are produced by the formation 
of chemical complexes; other views demand the hypothesis 
that there are two kinds of molecules.^ Enough has been said 
to show the nature of the problem before us. 

> Donnon, l^UX, Mag,y (6) 1901, 1, 647; Zeitsch. j^hynhal, Chm., 1901, 87, 
735; 1908,46,197. 

« See Bull. 8oc, chim., 1899, 21, 187; J, Chim, phya, 1907, 6, 29; Zeit 
a/norg(m, Chem., 1908, 86, 16. 

> ZeitscK phyHkal. Chem., 1902, 88, 468. 
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CHAPTER VI 

REACTIONS m LIQUID AMMONIA 

1. The Properties of Liquid Ammonia 

Liquid ammonia is a colourless, mobile substance of boiling- 
point approximately — 38° C, and a density about 0'6 that of 
water. At — 77** C. it solidifies to white transparent crystals. 

When we compare the properties of this body with water, 
we can find many analogies between the two substances. The 
boiling-point of ammonia is considerably lower than that 
of water, but lies much nearer to.it than do those of such 
substances as methane, hydrogen sulphide, or hydrochloric acid. 
On the other hand, the specific heat of liquid ammonia and the 
heat of fusion of the solid substance are greater than the corre- 
sponding constants of water and ice. The dielectric constant 
of liquid ammonia is about 20, which is sufficiently high to 
indicate that it is probably associated, like water. Its critical 
temperature is also comparatively high ; and its critical pressure 
is the highest known with the exception of that of water. Its 
boiling-point elevation constant^ is the lowest yet observed, 
being 3*4 as compared with the 5*2 of water. In the table 
below are some figures * which serve to show to what extent 
the two substances resemble each other : — 





Liquid ammonia. 


Water. 


Melting-point . 


-77° 


0° 


Boiling-point 


-88°-5 


+100° 


Specific gravity at 0° 0. 


0-6234 


1 


Critical temperature . 


+ 131° 


+866° 


dritioal pressure 


113 atmospheres 


200*5 atmospheres 



liquid ammonia has the power of dissolving many sub- 
stances. Salts are not so readily soluble in it as they are in 

^ Franklin and Eraus, Amer. Chem. J., 1900, 1^/277; 84, 83: cT^. Amer. 
Chem. 8oc., 1906, 87, 191. ' 

' Boscoe and Schorlemmer, Treatise on Chemistry, 1906, 1. 
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water, but, on the other hand, it has a much greater power of 
dissolving carbon compounds than water shows. Further, it 
is a good ionizing medium; dilute solutions of substances in 
liquid ammonia are often better conductors them aqueous solu- 
tions of the same strength. 

2. Eeactions between Inorganic Salts, Bases, and Acids 
IN Liquid Ammonia Solutions 

The first worker who directed attention to the fact that 
liquid ammonia might be utilized as a solvent appears to have 
been Gk)re,^ who in 1872 carried out some experiments in this 
direction. In recent years Franklin^ and his co-workers have 
dealt very fully with this problem, and we shall devote the 
present chapter to an account of the results arrived at by 
them. 

In the first place,* however, we must deal with the classifi- 
cation of the salts which has been proposed by Franklin.® He 
takes as his starting-point the parallelism between water, 
oxygen bases, and oxygen acids on the one hand, and ammonia, 
metallic amides, and acid amides on the other. The oxygenated 
bodies he terms hydro-salts, hydro-bases, and hydro-acids ; while 
the corresponding ammonia derivatives are named ammono- 
salts, ammono-bases, and ammono-acids. Thus potassium nitrate 
is a hydro-salt ; sodium hydroxide is a hydro-base ; and acetic 
acid is a hydro-acid. Potassium acetamide, sodium succinimide, 
and sulphamide are ammono-salts ; sodamide, lead imide, and 
mercuric nitride are ammono-bases ; while acetamide, carbamide, 
and succinimide are ammono-acids. 

We shall examine in the present section the reactions 
between some hydro-salts in ammonia solution; and in the 
Kiter sections shall deal with the behaviour of the ammono- 
class, tvhich differs to some extent from that of the oxygen 
compounds. 

. It was shown by Franklin and Eraus ^ that when two 
inorganic salts are dissolved in liquid ammonia, the reaction 

» Gore, l^roc. Boy. Soc.y 1872, SO, 441 ; 1873, 21, 140. 
' See Franklin, J. Amer. Chem, Soc„ 1905, 27, 820. 
» Ibid. 
* Franklin and Krans, Amer, Chem. J., 1899, 98, 88. 
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between them may not follow the same course as it does in 
aqueous solution. The reason for this is, of course, the fact 
that the solubility of salts is not the same in ammonia as in 
water. For instance, if we mix sodium chloride with calcium 
nitrate in aqueous solution, no precipitation occurs ; but if we 
repeat the experiment in ammonia solution we shall obtain a 
precipitate of calcium chloride, a result which could not possibly 
be obtained in aqueous solution. 

As far as is known at present, metallic hydroxides are 
insoluble in liquid ammonia. On the other hand, when acids 
are brought into contact with that substance they first unite 
with it to give ammonium salts, and the latter bodies are 
soluble, giving add solutions. It should be noted that liquid 
ammonia is not a basic substance ; so that when an acid is dis- 
solved in ity the solution thus obtained has acid prox>erties. 
This can be shown in the following way. Phenolphthalein is 
dissolved in liquid ammonia, and is coloured by the addition 
of a trace of alkaline hydroxide. On adding an acid to the 
ammonia, the colour is discharged, though of course there is a 
very large excess of liquid ammonia present. 

Again, just as a dilute solution of ammonium sulphate in 
water will dissolve magnesium, so a solution of an ammonium 
salt in liquid ammonia will dissolve sodium or magnesium, 
hydrogen being evolved in this case also. The equation of the^ 
reaction in the case of sodium and ammonium chloride would 
be— ; JZ-'I 

2Na + 2NH4CI = 2NaCl + 2NH3 + H^ 'J ''''h^^^ 

/> I 
Further, Divers had shown that such substances as sodium 

hydroxide were soluble in solutions of ammonium nitrt^te, 

though they are not soluble in liquid ammonia. Franklin^ 

examined oases of ammonium salts other than the nitrate, and 

found that the property is a general one. It thus appears that 

bases dissolve in solutions of ammonium salts in ammonia in a « 

manner exactly analogous to the solution in acids of bases 

which are insoluble in water. Thus, as Franklin points out, 

the action must follow the course indicated below : — 

NaOH + NH4CI = NaCl + HjO + NH3 
CaO + 2NH4NO, =r Ca(N03)2 + H2O + 2NH3 

» See Franklin, J, Amer, Chem, 80c, ^ 1906, 87, 820. 
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We need not enter further into the description of this part 
of the subject. In the following section we shall deal with the 
reactions of the ammono-salts and acids. 

3. The Ebactions of Ammono-salts, Ammono-bases, and 
Ammono-acids in Liquid Ammonia Solution 

If we dissolve some phenolphthalein in liquid ammonia, it 
is coloured red when a metal amide is added to the solution 
but the colour can be discharged by the addition of an acid 
amide. Thus if sodamide be allowed to react with acetamide 
in liquid ammonia, we shall obtain an ammono-salt, sodium 
acetamide, in accordance with the following equations : — 

CH3 . CO . NHa + NaNHa = CH, . CO . NHNa + NH3 
CHs ..CO . NHa + 2Na]SrH2 = CHs . CO . NNa^ + 2NH» 

These reactions have been studied by Franklin and Stafford.^ 

By analogy with the hydro-salts in aqueous solution,* these 
ammono-salts ought to be good electrolytes. Franklin and 
Kraus have tested this view in the case of mercury succi- 
nimide — 

CH2 . COs ,C0 . CH2 

I \N— Hg-N< I 

CH2.CO/ ^CO.CHa 

and have found it to be correct. 

It will be remembered that some metallic hydroxides behave 
as if they were slightly acidic. For example, aluminium 
hydroxide dissolves in a solution of caustic potash, giving 
potassium aluminate. A similar class of substances has been 
discovered among the ammonia-series, for some metallic deriva- 
tives of ammonia, such as the silver, lead, and aluminium 
compounds, dissolve in excess of potassamide solution. 

Among the ammono-bases we class such substances as 
metallic amides, imides, or nitrides. These compounds dissolve 
in liquid ammonia exactly in the same way as metallic hydrox- 
ides dissolve in water. Potassamide is especially soluble in 
ammonia ; and in consequence of this property, Franklin ® has 
utilized that substance in the preparation of a number of 

1 Franklin and Stafford, Am&r, Chem, /., 1902, 88, 13. 
< Franklin and Kraus, J. Amer. Chem Soc., 1905, 27, 191. 
* See Franklin, J, Amer, Chem. Soc,, 1905, 27, 820. 
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insoluble metallic derivatives of ammonia by simply bringing 
together a soluble metallic salt and potassamide in ammonia 
solution. The double decomposition takes place in a way per- 
fectly analogous to that which occurs in aqueous solution, and 
ther required body is obtained as a precipitate — 

AgNOs + NHaK = AgNHa + KNO3 
Pb2]Sr08 + 2]SrHaK = NHPb + 2KN08 + NH3 
SHgIa + 6NH2K = NaHga + 6KI + 4NH8 

The soluble metallic amides form solutions which are good 
electrolytes. 

The ammono-acid group of substances includes a somewhat 
varied assortment of compounds. We have already mentioned 
some acid amides, and to these we must add acid imides. 
Further, while the nitrides of metallic elements act as bases, 
it has been found that the non-metallic nitrides yield acids 
with liquid ammonia ; so that here the parallel between hydro- 
bodies and ammono-compounds is very close. Again, since 
the halogen derivatives of strongly electro-negative elements, 
such as phosphorus, are hydrolyzed by water, they are attacked 
also by liquid ammonia, giving rise to substances analogous 
to the water hydrolysis products, hydroxyl being replaced by 
the ammonia group. The following equations will make the 
matter clear : — 

PCla + 5NH8 = NH : P . NHa + 3NH4CI 
SiCU + SNHs = Si(NH2)4 + 4NH4CI 
BaSs 4- 6NH8 = B2(NH)8 -h SNH^SH 
SiSBra + 4NH8 = SiSCNHa)^ + 4NH4Br 

Picramide must also be included in this category. It is 
the ammono-analogue of picric acid — 

HO.C6H,(NOa)8 • NH2.C6H2(NO,)8 

Picric acid Picramide 



4. Ammonolysis 

From the foregoing sections it will have become clear that 
the reactions which take place in liquid ammonia are closely 
allied to those with which we deal in aqueous solution. 
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Franklin ^ therefore proposeis to term them ammanolytic rea^etions 
in order to recall their close resemblance to hydrolytic ones. 
Further, since we find reversible reactions among the hydrolytic 
class, we should expect to find something of the same nature 
amongst ammonolytic reactions. Besearch has shown that this 
is actually the case.* When mercuric chloride, mercuric iodide, 
and lead iodide are treated with liquid ammonia, the following 
reversible equations represent their behaviour : — 

HgCU + 2NH8^NHaHgCl + NH4CI 

2HgIa + 4NH8^HgNHgI + 3NH4I 

2PbIa + 6NH3^Pb(NH2)a.NH2PbI + SNHJ 

In these cases the ammono-basic salts NHaHgCl, HgaNi, and 
Pb(]SrH2)a . NHaPbl, appear as solid phases, while the remain- 
ing components of the system constitute the liquid phase. 

Thus, parallel to hydrolysis in aqueous solution, we have 
in liquid ammonia solution a process of amrrumolysis going on. 

5. Other Ionizing Media 

The power of dissociating dissolved salts is not confined to 
water and ammonia, but has been observed among the most 
varied types of compounds, both organic and inorganic. 
Alcohols, amines, alkyl thiocyanates, nitriles, liquid sulphur 
dioxide, arsenic halides, and phosphorus oxychloride are all 
capable of furnishing conducting solutions when salts are dis- 
solved in them. A very considerable mass of detailed informa- 
tion has been acquired in this department of the subject during 
the last five or six years ; but at the present time many of the 
data are contradictory, and it is hardly possible to draw any 
certain conclusions. The work of Walden and others may be 
consulted on the point.® 

^ See Franklin, J, Amer, Chem, 80c., 1905, 27, 820. 

' Franklin and Cady, J, Amer, Chem. 80c., 1901, 26, 499. 

' Carrara, QoBBetta, 1908, S8, 1. 241 ; Gentnerszwer, Zeit, physikcU. Chem.y 
1901, 89, 220; Dutoit and Levier, J. chim. phys., 1905, 8, 485; Jones and 
Lindsay, Amer. Chem. J., 1902, 88, 829 ; Jones and OarroU, ibid., 1904, 82, 
521; Eahlenberg, Zeit. physikal. Chem., 1908, 46, 64; Kahlenberg and 
Schlundt, J. Physical Chem., 1902, 6, 447 ; Kahlenberg and Buhoff, ibid., 
1908, 7, 254; Mathews, J. Physical Chem., 1905, 9, 641; Schlond V i&M2., 
1901, 6, 157; Walden and Gentnerszwer, Zeit. physikal. Chem., 1901, 88, 
513 ; Zeit. cmorgan. Chem., 1902, 80, 145 ; Walden, Zeit. physikdL Chem., 
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We may confine ourselves here to the results which have 
been obtained by Walden in the course of his researches upon 
the influence of various media upon dissolved substances. The 
method employed by him was to use a standard electrolyte of 
such a character as to be soluble in all the liquids which he 
intended to examine. This substance he found in tetraethyl 
ammonium iodide. The conductivities of solutions of this 
body were then examined, and compared with the various 
physical properties of the solvent with a view to detecting any 
parallelism. The chief results were as follows. 

In general, the equivalent conductivity of a solution in- 
creases on dilution, just as is the case with aqueous solutions ; 
but in several cases there are irregular variations which may be 
due to some action between the solute and the solvent. There 
appears to be no connection between the equivalent conductivity 
and the associating power of the solvent; nor is there any 
apparent relation between the conductivity and the dissociating 
power of the solvent employed. There appears to be little 
connection between the value of the equivalent conductivity 
and that of the dielectric constant; and no conclusion with 
regard to the degree of dissociation can be drawn from the 
measurement of the conductivity. Walden has found that 
there is a close relation between, the viscosity and the limiting 
value of the conductivity ; this relation is independent of the 
temperature and the nature of the solvent employed, and can 
be expressed by the equation — 

M^ X riS, = A2|° X ri^ = 0*7 

By means of this we can determine the limiting conductivity 
if we know the value of the viscosity of any liquid. Further, 
the product of the equivalent conductivity and the temperature- 
coefficient of conductivity is approximately constant — 

Aoo X temperature coefficient = 1*3 

With regard to the influence of the chemical constitution of 
the solvent upon the conductivity, Walden has found that 

1900, 85, 371 ; 1908, 48, 885, 46, 103 ; 1905, 54, 129; 1906, 55, 207, 281, 683 
Zeit. Electrochem., 1905, 12, 77; Baur, Zeit, Electrochem,, 1906, 12, 725 
Jones, Bingham and McMaster, Zeit. physikaL Chem,, 1906, 57, 198, 257 
Jones, Lindsay, and Carroll, ibid.j 56, 129. 
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solutions in which the higher members of a homologous series 
are employed as solvents have lower equivalent conductivities 
at infinite dilution than are found when the lower members of* 
the series are used as solvents. Again, if we take an aromatic 
and an aliphatic substance of similar chemical nature (acetal- 
dehyde and benzaldehyde, for instance), it is found that a 
solute in the aromatic body will give a lower equivalent 
conductivity than it would were it dissolved in the aliphatic 
solvent. Media containing ketonic, aldehydic, or cyiCnide 
radicles show the highest values of Aq© ; while the lowest 
values observed were found in the case of bodies containing the 
amino or carboxyl radicles. 
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CHAPTER VII 

THE FIXATION OF NITROGEN 

1. The Circulation of Nitrogen in Nature 

Animals have two fandamental needs : oxygen and nourish- 
ment. Oxygen they can derive direct from the air, but 
nourishment can only be obtained by a more roundabout 
process. At the basis of all animal structure lies a group of 
substances called proteins, which the animal, being unable to 
synthesize itself, obtains from vegetables. These proteins con- 
tain from fifteen to twenty per cent, of nitrogen. It has been 
shown that non-nitrogenous vegetable products, such as sugars, 
are incapable of supporting life. Animals, therefore, subsist 
upon the nitrogenous bodies of the vegetable kingdom ; but 
this only carries us a step further back, and leaves us to dis- 
cover how this nitrogenous matter is obtained by plants. It is 
found that part of the nitrogen in plants is derived from the 
air by means of certain bacteria, but the major part of it comes 
from the decomposition of plant tissue by one means or 
another. For example, a plant may be eaten by an animal ; a 
certain amount of the nitrogen is excreted in the form of urea 
derivatives and the like; these break down to ammonia, 
which is then oxidized by bacteria to nitrous and nitric acid ; 
and these, in turn, are absorbed by the vegetable world once 
more. 

If one could enclose a few plants and a suitable series of 
animals in a bell-jar, this process of nitrogen circulation might 
conceivably be prolonged indefinitely; but, unfortunately, 
when we have to deal with the matter from a practical stand- 
point, the question of waste bulks very largely. The scheme 
iaelow shows the main steps in the process of circulation, and 
we have now to consider at what points waste is to be expected. 

I 
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Atmospheric Nitrogen 





Nitric acid ^Plantlife > Organic nitrogen compounds 

Nitrous acid ^-Nitrifying bacteria — AMMONIA 

In the first place, we must bear in mind that though the 
vegetable kingdom as a whole has its uses in the question of 
respiration, where it counterbalances the loss of oxygen due to 
the animal kingdom, it is only certain groups of plants which 
can serve as food. Thus any nitrogen which is absorbed by 
non-edible plants is, temp orarily at least, lost from the point 
of view of nourishment. Again, we dispose of the greater part 
of our sewage by running it into the sea ; but in this way 
the larger portion of the nitrogen contained in it is lost to us 
and goes to build up sea-plants, for which we have at present 
no use. Further, the nitrous and nitric acids produced &om 
ammonia in nature do not necessarily remain on the spot 
where they are produced ; they may disperse and be lost, as far 
as practical purposes are concerned. 

In the past, these losses l^ave been counterbalanced by two 
methods : either by inoculating plants with nitrifying bacteria, 
or by manuring the soil in which they grow. With the former 
method we have no concern here, but we must enter into some 
consideration of the second. 

At the present day, the nitre beds of Chili supply the major 
part of the demand for cheap nitrogenous matter which can be 
used in agriculture. Guye ^ gives the following figures, which 
show how great is the current consumption of nitrates. " In 
1905, the entire consumption of Chili nitrate was 1,567,000 

» Guye, /. Boc. Ch£m. Ind,, 1906, 26, 667. 
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tons ; while that of 1896 was 1,060,000 tons. Of these 
1,567,000 tons we can reckon about 300,000 tons as having 
been utilized in chemical industry. . . . The use of nitrate of 
soda as manure is represented by the balance, approximately, 
1,267,000 tons for 1905; and this consumption is rapidly 
increasing, especially since a commencement has been made in 
the direction of applying nitrogenous manures to the culture of 
com in the United States. Secent calculations by M. Yergara, 
which have taken into account the increase in the consumption 
of the last few years, indicate the year 1923 as the date when 
the Chili beds will be exhausted." In less than a generation, 
if these calculations be true, we shall be faced with the problem 
of producing nitrogenous substances upon a vast scale and at a 
reasonably low cost. By adopting a less wasteful method of 
sewage disposal, and perhaps by utilizing as nitrogen sources 
such substances as seaweed from the Sargasso Sea, we may 
hope to diminish the amount of synthetic material required ; 
but at the best we cannot hope to dispense with it altogether. 

Now, for synthetic purposes, the cheapest source of nitrogen 
is the atmosphere ; and in the last few years many attempts 
have been made to tap this store by converting atmospheric 
nitrogen into some nitrogenous compound which can be used as 
a manure. This process has been termed the fixation of 
nitrogen. In the following sections of this chapter we shall 
deal with a few of the methods which have been devised with 
this end in view. 



2. The Pboduction of Nitrogen Oxides, Nitrous and 
Nitric Acids 

In any technical process we must bear in mind two things 
which govern the price of the final product : the cost of the 
starting materials, and the expenditure of energy necessary to 
convert them into the compound required. Now, in the manu- 
facture of nitrogen compounds, the cheapest source of nitrogen 
is certainly the atmosphere: but we have not only to obtain 
nitrogen ; we have also to find some comparatively cheap sub- 
stance with which to combine it ; and, finally, we must devise 
an economical method of effecting the combination. 

It is obvious that oxygen is the cheapest element we could 
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choose in order to form a compound with nitrogen, for the two 
occur together in the atmosphere in what is, for practical 
purposes, an unlimited quantity. The question then arises, 
Can we convert nitrogen into its oxides with an expenditure of 
energy low enough to make it pay in practice ? Up to the 
present time, the methods applied to this question have been 
almost entirely electrical ; so that the problem, in this depart- 
ment at least, rests chiefly upon the cost of electricity. 

Half a century ago, Berthelot pointed out that there were 
four chief modes of applying electricity to chemical problems : 
we may utilize — 

1. The spark discharge. 

2. The silent discharge. 

3. The electric arc. 

4. Electrolytic action. 

Previous to this, Madame Lefebre ^ had patented a method 
of manufacturing nitric acid by means of sparking a mixture 
of air and oxygen; but her process does not seem to have met 
with much technical success. In 1863, Meissner ^ pointed out 
that if the gases used were made moist, the yield of nitrogen 
oxides was much increased. In 1882, Prim^ showed that 
compression of the gases made a considerable improvement 
in the results obtained; and he detected, further, that much 
loss might be caused by using too strong a draught in driving 
the air through the apparatus and thus blowing out the spark. 
The subject has been very fully investigated by Muthmann and 
Hofer,* as well as by von Lepel ^ and by Rayleigh.® We need 
not enter into any further detail, as other processes have proved 
more practical than the spark discharge, and with these we 
must now deal. 

Prim, in his investigations, had used a combination of the 
spark discharge and silent discharge, allowing them to act 
simultaneously upon a mixture of nitrogen and oxygen. 

» Lefebre, English Patent, No. 1045 (1859). 

* Meissner, TJeher den Sauerstoff, 1868. 

3 Prim, German Patent, No. 20,722. 

4 Muthmann and Hofer, Ber,, 1908, 86, 438. 

* Von Lepel, Die Bindung des AtmospfUCrischen Stickatoffs, 1903. 

* Rayleigh, Tram,, 1897, 71, 181. 
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Siemens and Halske,^ in their process, have omitted the spark 
discharge entirely. According to their view, the mechanism 
of the oxidation depends upon the formation of ozone, which, 
in breaking down into oxygen, becomes active enough to attack 
the nitrogen with which it is mixed. As is to be expected, 
the air must be kept dry when this process is employed, for 
otherwise the silent discharge would be without effect. Siemens 
and Halske found that when the process was applied to a 
mixture of oxygen and nitrogen, the yields were too small to 
make it of any practical value; but if ammonia gas were 
mixed with the air before it passed through the apparatus, 
solid ammonium nitrate was deposited on the walls of the 
vessels: and with this modification the method becomes 
possible from the technical point of view. 

The third method of applying electricity to the problem, in 
which the electric arc is employed, has proved more satisfactory 
than the two which we have just described. Crookes,^ in 
1892, showed that at a temperature of a high tension arc, 
oxygen and nitrogen combined to form nitric oxide. Eayleigh ® 
five years later proved that in this way 25 c.c. of oxides 
of nitrogen could be produced by the expenditure of one 
watt-hour. The action of the arc appears to be due purely 
to its heating effect ; for McDougall and Howies,^ as well as 
Muthmann and Hofer,^ made it clear that the efficiency of the 
arc depended upon its temperature. 

At this point it may be well to recall the work of Nemst * 
upon gas equilibria at high temperatures. If we take the case 
of the union of nitrogen and oxygen to form nitric oxide, we 
have the following equation : — 

Na + O2 = 2N0 

An examination of this equation will show that the volume of 
gas at the beginning of the reaction is the same as that at the 
end. Now, if no change in volume takes place during a 
reaction, it is clear that the position of equilibrium of such a 

* Siemens and Halske, German Patent, No. 85,108. 

* Grookes, Ch&m, News, 1892, 66, 801. 
» Rayleigh, Tra/ns,, 1897, 71, 181. 

* McDougaU and Howies, Mem, Manchester PMl 80c., 1900, 4, 44. 

* Muthmann and Hofer, Ber., 1908, 86, 438. 

* Nemst, Applicatwn of Thermodynamics to Chemistry^ 1907. 
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reaction would be uninfluenced by the pressure under which 
it is carried out. If we were to take a case in which an 
increase in gas volume occurred during a reaction, then pressure 
could exert an influence, for the newly formed gas would have 
to exert a pressure upon the rest of the gas in the containing 
vessel in order to make room for itself. No such pressure is 
required in the present case, so the reaction is not influenced 
by the external pressure. 

The equation which we have written down above is not 
strictly accurate; instead of the sign of equality, we should 
have inserted the sign of a reversible reaction, for this reaction 
is actually a reversible one : 

Nv+ Oa x=i 2N0 

Now, it is clear that the position of equilibrium in a 
reversible reaction is very largely dependent upon the tempera- 
ture at which the reaction is carried out. Nemst has shown, 
for instance, that if air be passed through a tube heated to 
1538° C, only 0*4 per cent, ©f nitric oxide was formed ; while at 
1922° C. the quantity rose to 1 per cent. The results appear to 
be in contradiction to the fact that nitric oxide decomposes at a 
white heat. The matter will be made clear if we take into 
account the velocities with which the two reactions — 

N2 + 02 = 2NO (1) 

2NO = Na + 02 (2) 

take place. According to the Guldberg-Waage Law of Mass 
Action, the amount of chemical action is proportional to the 
active masses of the substances reacting. Thus the chemical 
action corresponding to equation (1) will be proportional to 
the amounts of nitrogen and oxygen present ; while equation 
(2) represents an action which will be proportional to the 
amount of nitric oxide used. Thus if -ri be the velocity of 
formation of nitric oxide, than we have the equation — 

vi = ii X (Na) X (O2) 

where (N2) and (O2) are the active masses of nitrogen and 
oxygen present. Again, if v^ be the velocity of formation of 
nitrogen and oxygen from nitric acid, then — 

2^2 = A2 X (NO) X (NO) = Jfcj X (NO)^ 
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Suppose, now, that the two reactions have proceeded until 
equilibrium has been reached. At this point, the amount 
of nitric oxide formed is equal to that decomposed. Conse- 
quently — 

Vx = t?9 

and the equilibrium constant, K, is the ratio of the one velocity 
constant to the other. In other words — 

Now, the values of h^ and h^ can be ascertained experimentally, 
so that we can easily determine the value of the equilibrium 
constant K. 

When we apply this line of argument to the concrete case 
of the production of nitric oxide from the air, we proceed as 
follows. It is evident that the equilibrium constant K will be 
dependent upon the active masses of the three gases present, 
nitrogen, oxygen, and nitric oxide, and will be expressed thus — 

(NO)^ 

Let X be the amount of nitric oxide produced at the equilibrium 
point ; then, since the concentration of nitrogen at the start is 
79 per cent., and that of oxygen is 21 per cent, (these being the 
proportions in which these gases occur in air), we have at 
constant temperature the following equation : — 



K = 



('»-iX^^-E) 



Since we can determine K experimentally, we can solve the 
equation for x, and this will give us the quantity of nitric 
oxide formed when the equilibrium point is reached. 

Now, K alters with the temperature according to the 
equation — 

rfJogtK^ _ ^ 
dT 2r' 

where Q is the change of energy in the system, and T the 
absolute temperature. Integrating this under the assumption 
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that Q is independent of the temperature (as it apparently is 
for all practical purposes in the case we are considering), we 
then have for two temperatures To and Ti the equation — 



log.K.-log.Ko = §(l--^^) 



Thus, if we know the equilibrium constant Ko for temperature 
To, and also the energy change in the system, we can calculate 
from this last equation what the equilibrium constant will be 
for any other temperature Ti. The energy change in the 
system can be determined by finding the equilibrium constant 
for two temperatures, and then substituting in the above 
equation. In this way, from a couple of measurements at 
different temperatures, we shall be in a position to foretell 
the equilibrium constant of the reactions for any temperature. 
The agreement between theory and experiment is quite close, 
as the following figures ^ show : — 

Temperatnre. % NO observed. % KO calcnUted. 

1811° 0-87 0-86 

1877° 0-42 0-43 

2033° 0-64 0-67 

2195° 0-97 0-98 

2680° 2-06 2-02 

2676° 2-23 2-36 

Another point of importance arises in this connection. 
From what has already been said, it is clear that the velocity 
of decomposition of nitric oxide is very greatly influenced by 
the temperature at which the reaction is carried out. If we 
can bring the reactions into equilibrium at a temperature of 
about 2500° C, we shall have in the mixture, according to 
Nernst's data, about two per cent, of nitric oxide. If we cool 
the gases down slowly, they will come into a fresh state of 
equilibrium for each temperature they pass through, and con- 
sequently when we reach ordinary temperatures the percentage 
of nitric oxide will be negligible. On the other hand, if we 
produce a sudden drop in the temperature, the gases will not 
attain equilibrium quickly enough to keep pace with the fall in 
temperature, and consequently we shall be able to reach ordinary 
temperatures before the nitric oxide has time to decompose. 

' Nernst, A^licaiwm of Thermodynamics to Chenmtry, p. 86. 
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Once the ordinary temperature is iittained, the decomposition 
of nitric oxide will proceed with such slowness as to be 
negligible from the practical point of view. Thus, U we could 
cool the mixture of gases instantaneously from 25C^C. to zero, 2 S'^ ^ 
we should preserve the two per cent, of nitric oxide which it 
contains at the higher temperature. Of course, in practice such 
instantaneous cooling is impossible ; but if the gases be removed 
rapidly from the neighbourhood of the source of heat, it is 
possible to stave o£f the decomposition of the nitric oxide to 
a certain extent. 

In the McDougall and Howies process, in which the mixture 
of oxygen and nitrogen is passed over the electric arc, the arc 
was kept stationary, and the cooling was achieved by using a 
rapid stream of gas, so that the oxides were swept along in the 
current and carried away from the arc as quickly as possible. An 
improvement * upon this was devised by Birkeland and Eyde, 
whose process has been utilized on a commercial scale at 
Nottoden, in Norway. In this process advantage is taken of 
the effect which a strong electro-magnet exerts upon arcs. If 
we fix opposite the middle of an electric arc a strong electro- 
magnet, the arc will be diverted and finally broken; after 
which it will reform between the electrodes, be diverted and 
broken again. By this means we replace the simple arc by 
a series of arcs, which form, bend outwards, and break. If the 
apparatus be properly adjusted, it is possible by this means 
to produce an arc in the form of a thin disc instead of the usual 
narrow stream. The advantages of the Birkeland and Eyde 
method are twofold : in the first place, since the disc of the 
arc is very thin, a gas passiug through it is only heated for a 
very brief interval ; secondly, owing to the increase in diameter 
of the arc, it is possible to pass a much larger quantity of 
gas through it than is the case when the gases are passed 
across an ordinary arc. After the gases have been passed 
through the arc they are conducted into a cooling apparatus ; 
they are next led into an oxidizing chamber, where the nitric 
oxide becomes nitric peroxide. The final product of the pro- 
cess is basic calcium nitrate; the basic salt is prepared in 
preference to the normal nitrate, owing to the fact that the 
latter is too deliquescent for commercial purposes. 
^ Birkeland, German Patent, No. 179,882, 
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Another modification of this method is due to Schonherr.^ 
In his process the arc is stationary and extends over several 
metres. It is surrounded by a tube through which the air is 
driven in a spiral current, the spiral being produced by using a 
rotating jet to introduce the air current into the tube. In this 
way the mixture of oxygen and nitrogen passes alternately 
across the arc and into the cooler region on either side, so that 
it is subjected to a rapid succession of hot and cold periods. 
This process is said to be the most economical of its kind. 

For a discussion of the whole question the reader is referred 
to Haber's work, The TherrnodyTiamics of Technical Gas-reactions. 
The' same author's papers should also be consulted.^ 



3. The Production of Ammonia 

In the previous section we dealt with the processes sug- 
gested for the union of nitrogen with oxygen, and it was pointed 
out that the use of oxygen was dictated by its comparative 
cheapness ; in the present section the union of nitrogen with 
hydrogen will be considered, as, next to oxygen, hydrogen is the 
least costly element — at least, when it can be utilized in the 
form of producer gas or some other such mixture. 

^ The work of Begnault ^ on the spark discharge, and that of 
Donkin * upon the silent discharge, had shown that these two 
forms of electric energy were capable of causing the direct 
union of nitrogen with hydrogen. It was not till about ten 
years ago, however, that this process was brought into effective 
touch with the technical side of the problem.* In 1900, de Hemp- 
tinne,^ using both the types of discharge, made an investigation 
of the proper conditions under which the action should be 
carried out. It had been proved by Eamsay and Young ® that 
ammonia begins to decompose at a temperature of 500^ C, and 
is completely broken up at a little below 800° C. ; so that it 
was to be expected that the best results would be obtained 

» Elektrotechnische ZHtschrift, 1909, 80, 866, 897. 

* Haber and his coUaborators, Zeitsch, Elektrochem., 1910, 16, 11, 789 ft. 
> Begnault, TraiU de ohemie, 1846. 

* Donkin, Proc. Boy. Soc., 1878, 21, 281. 

^ De HempMnne, BuU. Acad. roy. Belg., 1902, 28. 

* Kamsay and Young, Trans., 1884, 46, 88. 
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by synthesis at comparatively low temperatures. This view 
is confirmed by de Hemptinne's results. He found that the 
yield was greatest when three conditions were observed : first, 
the temperature was kept down to the point at which a mmonLa 
liquefies ; second, the pressure under which the experiment is 
carried put must be low ; and lastly, the gap across which the 
discharge acts must be narrow. ^ Schlutius ^ has patented a some- 
what analogous process in which, instead of a mixture of hydro- 
gen and nitrogen, he employs " Dowson gas," which is obtained 
by passing a mixture of air and steam over glowing coaL The 
resulting gas has approximately the following composition : — 

^ Volume. 
Hydrogen ... 14 
Nitrogen ... 43 

Carbon monoxide 89 

Carbon dioxide . . 4 

This mixture is acted upon by the silent electric discharge in 
presence of moist platinum, and the nature of the resulting 
compound depends upon the temperature at which the reaction 
is carried out. If the apparatus be kept below 80° C, ammonia 
is formed in accordance with the equation — 

Na + 3H3+ 2H3O = 21SrH8,aq. 

On the other hand, if we allow the temperature to exceed 
80° C, the carbon monoxide also reacts, with the formation of 
ammonium formate — 

N2 + 3H3 + 2C0 + 2H2O = 2H . COONH4 

Nithack^ has applied electrolysis to the ammonia synthesis. 
His method consists in electrolyzing water which has been 
saturated with nitrogen under high pressure. 

We must now turn to the* consideration of the action of 
catalytic agents upon the union of nitrogen with hydrogen. 
De Lambilly ^ has investigated this problem, and has taken out 
a patent for a process based upon his results. He was struck 
by the fact that the heats of formation of ammonia and 
ammonium hydrate are less than those of ammonium carbonate 

» Schlutius, EngUsh Patent, No. 2200 (1908). 

» Nithack, German Patent, No. 96,632. 

3 De LambiUy, German Patent, No. 74',274. 
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and ammonium formate. From this it follows that the expen- 
diture of energy required to produce the salts is less than is 
necessary in the case of the free ammonia or ammonium 
hydrate. De Lambilly therefore devoted himself to the pro- 
duction of the salts rather than the free substance. His 
process is as follows. Air and steam are led over white-hot 
coke, and from the mixture of gases thus produced, either 
carbon dioxide or carbon monoxide is removed, according as 
ammonium formate or bicarbonate is required. The gases are 
then passed through tubes filled with porous substances, such 
as platinized pumice, wood-charcoal, bone-charcoal, or spongy 
platinum. After they have passed once through the tubes, the 
gases are mixed with steam and again sent through the apparatus. 
The reactions which take place depend upon whether carbon 
monoxide or carbon dioxide be used — 

Na -f SHa + 2C0a + 2HaO = 2H0 . CO . ONH4 . (I.) 
Na + 3H2 + 2C0 + 2H2O = 2H . CO . ONH4 . (II.) 

In the case of equation (I.), it is found that the most favourable 
temperature lies between 40"^ and 60^, while most ammonium 
formate is produced between 80** and 130°. 

The main fault of the process thus outlined lies in the 
tendency of the ammonium formate to decompose into water 
and hydrocyanic acid. In order to evade this difl&culty, de 
Lambilly ^ utilized the same apparatus, but passed through it a 
mixture of carbon monoxide and ammonia, the latter being 
obtained from ammonium hydrate. In this case the best 
temperature seems to lie between 150° C. and 180° C. 
' It was shown in 1862, by Fleck,* that if a mixture of 
steam, nitrogen, and carbon monoxide were passed over red-hot 
lime, ammonia was formed. Fleck found that in this reaction, 
as in the others we have described, the temperature employed 
was of the greatest importance ; in this case it lies somewhere 
between a dull red and a bright red when the best yields are 
obtained. 

Woltereck^ passes a mixture of steam and air over iron 

» De Lambilly, German Patent, No. 78,673. 
< See BoUey, Handbuch d. chem, TechftoU, II. 2, 48 (1862). 
> Woltereok, Zeitsch, angew, Chem., 1904, 17, 1717 ; ElecMcal Beview^ 
1905, 56, 1721. 
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oxide raised to a dull red heat ; in technical practice, peat is 
used to replace the oxide. 

-^ Mackey and Hutcheson/ in their process, pass heated air in 
at the bottom of a furnace containing a mixture of coal and 
carbonate of potash or some other alkali carbonate. By the 
interaction of these substances a cyanide is produced, which is 
carried into the upper part of the furnace, where it is broken 
up by a jet of steam and decomposes into ammonia and a 
carbonate. The latter falls again into the lower part of the 
furnace, and the process recommences. 

r Haber" has employed metallic uranium as a catalyst with 
considerable success. 

H The last method with which we need deal was originated by 
Kaiser,^ and differs from the others in that a stable intermediate 
compound is formed. Calcium, when heated to redness in a 
strefun of hydrogen, is converted into calcium hydride; and 
when this body is heated and nitrogen passed over it, calcium 
nitride is produced. If this in turn be heated in a stream of 
hydrogen, ammonia is liberated. The process is expressed in 
the equations below — 

(I.) Ca + Ha = CaHi 

(II.) 3CaHa + 2Na = CagNa + 2NH3 
(III.) CaaNa + 6Ha = SCaH'a + 2NH8 

It appears to be immaterial whether the gases are allowed to 
enter the tube together or separately, the action seems to go on 
with the same ease in either case. 

. 4. The Production of Cyanides 

In the foregoing sections we have dealt with the prepara- 
tion of ammonia and of nitrates, both of which are naturally 
occurring substances ; the present section deals with another set 
of compounds which at first sight appear most unpromising from 
the agricultural point of view, owing to their poisonous character. 
In actual practice, however, the cyanides appear to offer many 
advantages when used as manures. 

^ Maokey and Hatoheson, English Patent, No. 13,315 (1894). 
> Haber, Zeitsch, Elektrochem., 1910, 16, 244. 
' Kaiser, Frenoh Patent, No. 360,966. 
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The technical application of cyanides had led to the devising 
of methods for the production of these substances long before 
the question of nitrogen fixation became acute. The South 
African gold industry demanded a heavy output of cyanide 
for use in the cyanide process of extraction, and consequently 
a very considerable number of processes have come into exist- 
ence for the purpose of supplying this need. With these we 
have no concern here, but will confine ourselves to the chief 
methods which have been suggested within the last ten years 
or so. 

Next to oxygen and hydrogen, carbon is probably the 
cheapest element which we can employ to form compounds of 
nitrogen. Whether it be utilized in the form of coal or coke, 
it is comp6u:atively cheap and easily procurable, so that it is 
not surprising that attempts have been made to employ it in 
the fixation of nitrogen. Before dealing with the later pro- 
cesses which depend directly upon coal, however, we must 
glance at one or two others which are based upon other 
substances. 

It was long ago shown by Berthelot that if a stream of 
mixed nitrogen and acetylene was raised to a high temperature, 
hydrocyanic acid was formed — 

C2H3 + Na = 2HCN 

Hoyermann * proposed to utilize this reaction in technical 
practice by passing a mixture of one part of acetylene and two 
parts of nitrogen over an electric arc. In this way sixty to 
seventy per cent, of the acetylene was converted into hydrocyanic 
acid. The chief drawback of the method lias in the heavy 
deposits of carbon which take place on the electrodes. O'Neill ^ 
employed a mixture of air with petroleum vapour or coal-gas, 
instead of acetylene and nitrogen. Gruszkiewicz '^ utilized 
" Dowson gas," which he passed over a flaming electrode. The 
best results were obtained when the percentage of carbon 
monoxide in the Dowson gas was raised to about fifty. 

We must now turn to another set of methods, in which, 

1 Hoyermann, Chem Zeit., 1902, 26, 70. 

« O'Neill, Electrical World, 1902, 40, 1009. 

' Gruszkiewicz, Zeitsch, Elecirocliem,, 1908, 83. 
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instead of acetylene, metallic carbides are used. The work of 
Desfosses/ Fownes,^ Bunsen and Playfair^ showed that when 
carbon was heated with non- volatile alkalis, the resulting pro- 
ducts contained cyanogen compounds from which ammonia 
could be obtained. Attempts were thereafter made by various 
workers to utilize the reaction on a large scale, using barium 
hydrate as the alkali, but none of them seem to have come to 
much, owing to the effect which the high temperatures required 
had upon the apparatus. 

The invention of the electric furnace, of course, gave a 
great impetus to technical research in this department, and as 
a result most of the difficulties experienced by the older workers 
have been evaded in modem practice. 

The Ampere Electrochemical Company * employ the follow- 
ing method. The starting materials are coke and a mixture of 
barium hydrate and carbonate. The quantities are so chosen 
as to provide an excess of coke over and above the amount 
required for the formation of barium carbide ; the reason for 
this is that unless excess of coke is present, the mixture does 
not possess sufficient porosity to allow the passage of gases 
through it. The mixture is placed in a revolving electric 
furnace and the current is switched on. The action which 
takes place in the heated portion of the furnace is the forma- 
tion of barium carbide, which fuses and flows over the unaffected 
part of the coke. The revolution of the furnace now carries 
this into a colder zone, in which it cools down and solidifies. 
At this point in the revolution it encounters a stream of 
nitrogen, which converts the carbide into the cyanide — 

BaC2 + Na = Ba(CN)a 

The further revolution of the furnace brings the formed cyanide 
into a cooler section, where it is withdrawn from the apparatus. 
The emptied part of the machine then passes another point, 
where it is refilled with the mixture of coke and barium salts, 
and the process continues as before. 

I Desfosses, J, Chim. Pharm,, 1828, 14, 280. 

• Fownes, J. j)r. Chem., 1842, 26, 412. 

' Bunsen and Playfair, J. pr. Chem., 1847, 42, 397. 

* Dingler'8 Polytech. Jour., 1908, 88, 624. 
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In this method^ there is formed as a bye-product the substance 
barium cyanamide — 

BaCa + Na = BaN . CN + C 

This substance is a derivative of cyanamide, which in turn is 
an ammonia substitution product — 

BaiN.CBN HaN.CEN HsN 

Bariam cyanamide Cyanamide Ammonia 

On repeating the experiment with calcium salts instead of 
barium ones, it was found that the bye-product of the one 
reaction became the main product of the second ; so that the 
process yielded chiefly calcium cyanamide. The substance, 
when heated with water under pressure, liberates ammonia as 
shown in the following equation : — 

Ca : N . C=N -h SHaO = CaCOs -I- 2NHs 

The same reaction takes place on long exposure to moist air ; so 
that this substance forms an excellent artificial manure. 

5. The Production of Nitrides 

In the section on ammonia, we have already mentioned one 
of the processes by means of which nitrides have been made of 
service in the nitrogen fixation problem ; in the present section 
we may deal with another method which has been employed. 
In this department, as in some of the others, the invention of 
the electric furnace has made practicable in technical work 
methods which without its aid would never have been of any 
service on a large scale. 

The work of Schiitzenberger and Colson,^ following upon 
that of Deville and Wohler,® showed that two nitrogen com- 
pounds of silicon could be obtained, one of which contained 
carbon in addition to the other two elements. The two 
substances have the following compositions : — 

SiaCaN SiaNs 

» fiMsek, BeriM d. V, Intern, Kongr. f, Angew, Chem., 1905, III. 727 ; 
Caro, ZeitBch, angew. Chem.y 1906, 19, 1569. See also Zeitsch. angew. Chem., 
1908, 16, 620. 

* Schutzenberger and Colson, Compt. rend,^ 1882, 94, 1710. 

* DevUle and Wohler, Annaien, 1659, 110, 248. 
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Prom the technical point of view it does not much matter 
which of these substances is formed, or even if a mixture is 
produced. The nitride, of course, contains a greater percentage 
of nitrogen than the nitride-carbide, but the difference is not of 
sufficient importance to make it worth while to take special 
precautions in order to produce the pure nitride. 

Mehner has ^ patented the following process. An oxide of 
some nitride-forming element, such as silicon, boron, or 
magnesium, is mixed with coal or coke and submitted to the 
heat of an electric furnace. Nitrogen is then blown through 
the mass. As a result, carbon reduces the oxide, yielding the 
element itself, which is then attacked by the nitrogen to form 
the nitride — • - 

2MgO + C = 2Mg + CO2 
6Mg + 2N2 = 2Mg8Na 

When these nitrides are used as artificial manures, any 
weak acid in the soil, or even carbonic acid, is sufficient to 
decompose them — 

MgsNa + 6H3O = 3Mg(0H)a + 2NH8 

Their great advantage for agricultural purposes lies in their 
relatively high percentage of nitrogen, which is nearly double 
that found in other artificial nitrogenous substances. In this 
way the cost of carriage. is reduced. On the other hand, the 
cost of manufacture seems at present to be too high to allow 
them to compete successfully with the products of other 
processes. 

* Mehner, German Patent, No. 67,489. 
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CHAPTER VIII 

SOME HYDROXYLAMINE DERIVATIVES 

1. Introductory 

If in ammonia the hydrogen atoms be replaced one by one by 
hydroxyl groups^ we shall obtain the following series of 
substances : — 

NH, NHaOH NH(0H)3 N(OH), 

The first two of these are, of course, ammonia and hydroxy 1- 
amine. The last is the ortho-form of nitrous acid. The 
remaining body, dihydroxy-ammonia, has recently been pre- 
pared by Angeli/ who has studied its properties and those of 
its salts. In the present chapter we shsdl first give an outline 
of the methods by which this substance can be prepared, as well 
as some account of its properties, and shall conclude by a 
comparison of ammonia with its hydroxy-derivatives. Before 
dealing with dihydroxy-ammonia (or nitroxyl, to give it a 
shorter name), we must take up another hydroxylamine 
derivative, nitro-hydroxylaminic acid, from which nitroxyl can 
be produced. 

2. NiTRO-HYDROXYLAMINIC ACID 

When we take a solution of one gramme molecule of 
hydroxylamine hydrochloride in alcohol and treat it with an 
alcoholic solution of two gramme molecules of sodium ethylate, 
filter off the precipitated sodium chloride, and then add a 
gramme molecule of nitrobenzene, we obtain a solution from 

^ A complete summary of Angeli's researohes is to be found in his pam- 
phlet, Ueber einige sauerstoffhaltige Verhmdungen des Stickatoffa (1908), which 
is a translation of his original Italian paper, Sopra cUcuni oomposti osngenati 
deW OBOto (1907). 
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which glittering crystals begin to separate out. If the sodium 
salt thus obtained is treated with dilute hydrochloric acid at low 
temperatures, white needle-shaped crystals of melting-point 
SQ"* C. are precipitated. On analysi3,iit is found that these have 
a composition corresponding to the formula — 

CeHfi . N2O3H 

When we attempt to express the reaction in structural formulae, 
the following seems the most probable course : — 

CeHfi . N:0 + H^N.OH = CbHs . N:N.QH.+ H^O 

II • r 



It is evident that we might expect this substance to exist in 
another form ; for the wandering of a hydrogen atom would 
produce a substance of the following structure : — 

CsHfi.N.NzO 

Angeli has, however, advanced reasons for supposing that the 
former structure is the more probable. 

Now let us take the case of an aliphatic compound containing 
the radicle — NO2, say ethyl nitrate. In it we have a substance 
which, as far as the nitro-group is concerned, is perfectly 
analogous to nitrobenzene — 

CeHs.NOa C2H5O.NO2 

If we treat this substance with hydroxylamine as in the 
previous instance, but use three atoms of sodium instead of 
two, the same reaction between the hydroxylamine and the 
nitro-group takes place as before; but in addition the ethyl 
radicle is hydrolyzed away, and its place is taken by a sodium 
atom. The resulting salt has the composition — 

NaaNA 

From this body, or from the corresponding potassium derivative, 
Angeli has prepared a whole series of salts, some containing 
water of crystallization, others anhydrous — 

BaNaOa; BaNA^HaO; SrNA,HaO; SrNaOa,liHaO ; 
CaNaCiHaO; CaN20s,3JHaO;.CdNaO„HaO; CdNaO,; 
PbNaOs; Cea(N20,),Ce(0H), 
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From analogy with the case of nitro-beDzene, we should 
deduce that the reaction between ethyl nitrate and hydroxyl- 
amine took the course shown in the following equation: — 

CaHfiO . N:0 + H2N.OH = CaHcO.NrN.OH + H^O 



And since the ethyl group and the hydrogen of the hydroxyl 
group are replaced by sodium atoms in the usual way, we 
shall obtain in the end — 

NaO.N:N.ONa 

II 


We must now turn to examine some of the reactions of this 
substance. When we treat it with acids, its behaviour offers a 
strong contrast to that of the corresponding phenyl compound 
which we have already mentioned. Instead of yielding a stable 
product, the sodium salt of nitro-hydroxylaminic acid (as this 
body is termed) gives up nitric oxide violently. Apparently 
the free acid is unstable and decomposes almost quantitatively 
according to the equation — 

HaNA = 2N0 + H2O 

As Angeli points out, this brings nitro-hydroxylaminic acid 
into line with sulphurous and carbonic acids, both of which 
liberate their anhydrides when they are set free from their salts 
by acids. The parallelism may be brought out by writing the 
formulae of the three substances as below — 

HO. HO. HOv 

>S0 >C0 >N20 

HO/ HO/^ HO/ 

If, instead of adding acid to a solution of the sodium salt, we 
allow the latter to stand in the cold, we shall find that nitrous 
oxide is slowly evolved. If the solution be heated, the decom- 
position reaction takes place with some violence. The solution, 
after the nitrous oxide has disappeared, contains nitrite to the 
extent of half the whole amount of nitrogen in the original 
salt. The equation for this decomposition can be written 
thus — 
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S'llK + ^0 = ^«0 + 2NaN0, + 2NaOH 

Concentrated solutions decompose much more slowly than 
dilute ones; and the decomposition can be retarded by the 
presence of soluble sodium salts in the solution. 

The sodium salt of nitro-hydroxylaminic acid has a strong 
reducing action upon silver nitrate. The first stage in the 
process is the formation of a precipitate of silver nitro- 
hydroxylaminate — 

AgaNA 

which, being very unstable, breaks down almost immediately 
into silver, nitric oxide, and silver nitrite. 

These reactions, however, though interesting in themselves, 
throw no light upon the constitution of the substances with 
which we are dealing. More information is to be gained from 
two other actions in which the sodium salt can be made to 
take part. 

lu the first place, when the salt is warmed, it melts to a 
green liquid which, on analysis, proves to be a mixture of 
sodium nitrite and hyponitrite. This change we can represent 
as follows : — 

NaO.N:NOaNa NaO.N 

II + 2NaN0a 
NaO.N:NOaNa NaO.N 

It is evident that the nitrous oxide which is liberated from 
solutions of the sodium salt of nitro-hydroxylaminic acid is 
derived from the decomposition of the sodium hyponitrite 
which is first formed in accordance with the above equation. 

Secondly, when we allow the sodium salt of the acid to act 
upon an aldehyde we obtain the sodium salt of a hydroximic 
acid. For instance, if we take acetaldehyde we shall produce 
aceto-hydroximic acid — 

CHa.CHO > CH8.C:N0H 

Now, as can be seen from the formulae, we have added to 
the group — CHO the group NOH. Further, it is found 
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ihat in this case also sodium nitrite is present in the solution 
at the end of the reaction: and from an estimation of the 
quantities of the two end-products obtained, it is found that 
the reaction takes the following course and gives a quantitative 
yield : — 

H^NaOa = HNO2 + HNO 

These reactions cannot be explained with any probability 
except by the assumption that the sodium salt of nitro- 
hydroxylaminic acid has the constitution which we assigned 
to it, viz. — 

N.ONa 

II 
NOa.Na 

Before leaving this part of the subject, we might deal with 
one point which is of some theoretical interest. We have men- 
tioned that the action of nitro-hydroxylaminic acid (in the form 
of its sodium salt) upon aldehydes is to give hydroximic acids 
according to equation (I.). Now, on boiling with dilute acids, 
these hydroximic acids are broken down into hydroxylamine 
and an organic acid in the way shown in equation (II.). 

NOH NOH 

(I.) II +K.CHO= II +NO2H 

NO2H E.G. OH 

NOH 

(II.) II +H20« II -hNH^OH 

E.G. OH E.C.OH 

When nitro-hydroxylaminic acid is treated with dilute acids, it 
ought thus by analogy to decompose into nitric acid and 
hydroxylamine, the equation for which reaction would be 
parallel to (II.) — 

NOH 

11 +HaO= II +NH,OH 

0:N.OH OrN.OH 

No such reaction takes place, however, for the product would 
be nitrate of hydroxylamine, which is a perfectly stable body 
and easy to detect. As we have seen above, what actually 
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occurs when the sodium salt is treated with acids is a violent 
decomposition of the salt with the evolution of nitric oidde — 

H9NA = 2N0 + H3O 

Something evidently takes place in the series of reactions 
shown in (I.) and (IL) which does not occur in the direct action of 
acids upon the salt. If we add together the two equations (I.) 
and (II.), and then write the group E,CO.OH as K.CO.H + 0, 
we shall get the following result after cancelling out the sub- 
stances common to both sides : — 

NOH NHaOH 

n + H,0 « +0 

NO2H NO2H 

In other words, in the course of the reactions (I.) and (II.)> ^e 
have brought about a new species of decomposition of nitro- 
hydroxylaminic acid, the products being nitrous acid, hydroxyl- 
amine, and oxygen. 

Thus in the foregoing paragraphs we have described no less 
than six different ways in which this acid can be decomposed. 
We may tabulate them here for the sake of clearness, adding in 
each case the material which forms the starting-point of the 
reaction — 



Free acid 
Silver salt 
Sodium salt 



H2NA =2NO + HaO 
H2N2O8 =HNOa + NO + H 
H^NA -HNOa + HNO 
2H2N2O8 = 2HNO2 + (NOHV 
2H,NA « 2HNO2 + NaO + H3O 



and finally the indirect decomposition through the hydroximic 
acids — 

H2NA + H2O = HNOa + + NHjOH 

3. NlTROXYL 

The substance nitroxyl or dihydroxy-ammonia has not yet 
been isolated in the free state, owing to its extreme instability ; 
but its properties have been studied by means of its solutions. 
In the previous section we discussed one reaction during which 
nitroxyl appears to be formed as an intermediate product ; and 
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we must now deal with one or two other methods, by means of 
which we can obtain this body. 

Many unsaturated carbon compounds when treated with 
nitrous acid take up NaOs, and are converted into nitrosites of 
the formula — 

E CH CH R R C CH R 

I I or II I 

HO NOa NOH NO/,. 

Angeli chose the nitrosite of iso-safrol as the starting-point of 

his work. When this nitrosite is treated with alkalis, it yields 

an unsaturated nitro-derivative, which we can represent by the 

formula — 

R CH : C R 

I 
NO, 

The equation for the reaction may be written in full as 
follows : — 

[(CH A) . CcHj . C,H. . NjOg], = 2(CH A) • ^^z - CH : C(NO,) . CH, + 2N0H 
Nitrosite of iso-safrol. Nitro-oompound. 

Angeli proved the presence of hyponitrous acid in the solution 
by means of the characteristic silver salt ; and as he found that 
the solution converted aldehydes into hydroximic acids, the 
presence of nitroxyl was also demonstrated. 

Divers and Haga ^ showed that when hydroxylamine sul- 
phonic acid was hydrolyzed by means of caustic potash, the 
end-products of the reaction were the potassium salts of 
sulphurous and hyponitrous acids. They therefore formulated 
the reaction in the following manner : — 

2HO.NH.S08K+4KOH = 2K2SOs+2HO.NH.pK + 2HaO 
2H0.NH.0K = 2HaO + KON:NOK 

Angeli found that when treated with aldehydes in presence of 
alkali, this sulphonic acid yields hydroximic acids and sulphites ; 
and from this he concludes that the structure of the sulphonic 
acid could be better expressed as analogous to that of nitro- 
hydroxylaminic acid, thus — 

HO . N : S0(0H)2 
1 Divers and Haga, Trans., 1889, 66, 760. 
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The decomposition in presence of alkali would then be expressed 
by the simple equation — 

HO.N:SO(OK)a = NOH + SO(OK)a 

Again, take the case of benzene sulphohydroidmic acid. 
This body was discovered by Piloty,^ who ascribed to it the 
constitution — 

CeHfi.SOa.NH.OH 

By the action of alkali, it yields a hyponitrite as well as the 
salt of benzene sulphinic acid — 

2C6H6 . SO2 . NH . OH + 4K0H = 2C6H6 . SO^ . K + (NOK)a 

+ 4HaO 

Since in this case also aldehydes react with the body in presence 
of alkali, Angeli deduces that here too nitroxyl must be formed 
as an intermediate product; and the decomposition in presence 
of alkali must follow the course shown in the equation — 

HO . N : SO(OH) . CbHs = HON + CeHs . SO, . H 

The parallelism in behaviour in the three substances, nitro- 
hydroxylaminic acid, hydroxy lamine sulphonic acid, and benzene 
sulpho-hydroximic acid, is thus expressed by the three perfectly 
analogous formulae — 

NOH NOH NOH 

II II II 

NO. OH HO. SO. OH CeHg.SO.OH 

It will be remembered that hydroxylamine itself can act 
either as an oxidizing or as a reducing agent. Haber ^ has 
shown that hydroxylamine hydrochloride reduces ferric chloride 
to ferrous chloride ; while in alkaline solution ferrous hydroxide 
is converted into ferric hydroxide in presence of hydroxylamine. 
This alteration of properties might be explicable by assuming 
that in presence of cdkali hydroxylamine becomes converted 
into an unstable dibasic hydroxide — 

H3N(OH)3 

Now, when we come to the hydroxylamine derivatives of acids, 
we find that they in turn behave differently according to 

» Piloty, Ber., 1896, 29, 1560. • Haber, Ber., 1896, 89, 2444. 
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whether they are hydrolyzed by acids or alkalis. With alkalis 
the sulphonyl derivatives * give sulphinic acids, while with acids 
the hydrolysis yields snlphonic — 

Alkaline hydrolysis ^-^^-^^g^^^) ^ E . SOa • H + NH(OH), 
Acid hydrolysis ^•gjj-]^^^^^) ^ E . SO3 . H + NH2 . OH 

Thus in the acid hydrolysis, we find that the group E . SO9 — is 
replaced by a hydrogen atom ; while in the alkaline hydrolysis 
it is exchanged for a hydroxyl radicle. 

We must now deal with a few of the characteristic reactions 
of nitroxyl. There is, in the first place, the reaction with 
aldehydes which we have had occasion to mention several times. 
This reaction can be employed as a method of distinguishing 
aldehydes from ketones, though in certain cases it fails to take 
place : it is also a useful means of separating ketones from 
aldehydes in a mixture. 

If we allow a solution of nitroxyl, obtained from the salt of 
nitro-hydroxylaminic acid, to react with an alkyl iodide, the 
end-product of the reaction is an oxime — 

E.CH2.I + H.NO = E . CHa.NO + HI 
E.CH2.NO = E.CH:NOH 

and since, of course, we can obtain hydroxylamine from an 
oxime by hydrolysis with acids — 

E . CH : NOH + H^O = E . OHO + NH^OH 

this reaction practically corresponds to a reduction of dihydroxy- 
ammonia to hydroxylamine ; while at the same time the alkyl 
iodide is converted into an aldehyde. Since the alkyl iodide 
belongs to the same series as the alcohols, we have thus carried 
out a simultaneous oxidation and reduction process in which 
the oxidizing agent has been dihydroxy-ammonia. A converse 
process has been known for a considerable time. If we treat 
an aldehyde with hydroxylamine, we obtain an oxime, which 
on loss of water is converted into a nitrile ; this in turn can 
be hydrolyzed by acids, giving ammonia. We have thus 

* Nitro-hydroxylaminio msid is an exception, 
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reduced hydroxylamine to ammonia, and oxidized the aldehyde 
to an acid. The steps are shown in the equations below — 

E . CHO + NHaOH = E . CH : NOH + HaO 
E . CH : NOH = E . CN + H^O 
E. CN + 2H2O = E.COOH + NHs 

When nitroxyl is allowed to act upon nitroso-derivatives, it 
forms nitroso-hydroxylamine derivatives. With nitroso-benzene 
we thus obtain the same substance as we produced by the action 
of hydroxylamine upon nitro-benzene ; and in this way the 
formula which we originally ascribed to it is placed beyond 
doubt — 

CeHg . N"+ NOH = CeHfi . N : NOH 

II II 

O O 

The action of nitroxyl upon secondary amines gives rise to 
tetrazones, that is, compounds in which there is a chain of four 
nitrogen atoms directly attached to each other. The action 
can be best explained by assuming that its first stage is the 
formation of an intermediate product — 

^NH + NH(OH)a= ^N.NH.OH + HaO 

Two of the intermediate compound molecules then lose water 
and unite to jrield the tetrazone — 

E2:N.NH.0H EaiN.N 

= 2H,0 + I 

Ea:N.im.OH EaiN.N 

When we use a substituted hydroxylamine instead of a 
secondary amine, the reaction takes a course almost parallel to 
that outlined above; in this case also a molecule of water splits 
out, yielding a ditizo-hydroxide — 

^NH + NH(0H)2 = ^N . NH . OH + H2O 
>N . NH . OH = ^N=N + H,0 

ho/ HO^ 
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These last two reactions now allow ns to approach the 
question of the formation of hyponitrites which we have touched 
upon several times in the course of this chapter. If we write 
down the formula for dihydroxy-ammonia — 

HOv 
>NH 

its resemblance to that of a secondary amine is evident ; we 
have simply two hydroxyl groups instead of alkyl radicles. 
Now let us imagine that dihydroxy-ammonia could behave 
towards itself just as it does towards a secondary amine. The 
interaction of the two molecules would then be represented in 
the following way : — . 

HO. HO. 

>nh + ho.nh.oh = >n.nh.0h + h20 
ho/ ho/ 



HO, 
H 



)> N . NH . OH = HO . N : N . OH + H2O 



In this manner the mechanism of the production of hyponi- 
trites from dihydroxy-ammonia becomes quite comprehensible. 
Finally, we may deal with the action of' nitroxyl upon 
hydroxylamine and hydrazine. In the case of hydroxylamine 
itself, the reaction probably runs parallel to that which we 
have already described in the case of the substituted hydroxyl- 
amines. The evolution of nitrogen which takes place would 
thus be explained by the following changes : — 

TT TT 

^NH -h HO . NH . OH = ^N • NH . OH -t- H2O 

H\ H+N=N-hH.OH 

>If . NH . OH = I 

ho/ ho 

When hydrazine is substituted for hydroxylamine, the reaction 
products are nitrogen, ammonia, and water. This could be 
explained on the scheme shown below — 
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NHa. NH2\ 

>NH + HO.NH.OH = yN.NH.OH + H,0 

NHa. NH2 

>N.NH.OH= I +N^N + H.OH 
H^ H 

We have now given an account of the properties of nitroxyl, 
and can devote our attention to the question of its probable 
structure. From the reactions with which we have dealt, it 
seems probable that the substance has the constitution shown 
by one of the two possible desmotropic forms — 
N=0— H H— N=0 

Angeli has, however, adduced evidence to show that it is more 
likely that nitroxyl in solution exists as the hydrate of NOH — 
in other words, as dihydrozy-ammonia. 

Bamberger and Tschimer^ have proved that when primary 
amines are oxidized with Caro's reagent they are converted 
into substituted hydroxylamines — 

E.NHa-»R.NH.OH 

Angeli found that when hydroxylamine was submitted to the 
same oxidation process, the solution thus obtained gave the 
nitroxyl reaction with aldehydes. In this case no hydroxyl- 
amine could have remained unchanged, for the solution did not 
reduce Fehling's solution, though it did reduce ammoniacal 
silver nitrate. It appears probable, therefore, that the oxida- 
tion of hydroxylamine with Caro's reagent takes the following 
course : — 

HO.NHa-»HO.NH.OH 

The action of nitroxyl upon aldehydes would then take place 
in the following stages : — 

.N(0H)2 ^NOH 

E . CHO + HN(OH)a = K . CH< = HjO + R.Cf 

4. Ammonia and its Hydroxyl Substitution Products 
We are now in a position to examine the series of substances 
which are produced when one or more of the hydrogen atoms 

> Bamberger and Tsohimer, Befr., 1899, 88, 1676. 
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in ammonia are replaced by hydroxyl radicles. We should thus 
obtain the following series of compounds : — 

NHs Ammonia 

NHaOH . Hydroxylamine 

NH(OH)» • Dihydroxy-ammonia or nitroxyl hydrate 

N(0H)3 Ortho-form of nitrous acid 

The first tn^mber of the series is a weak base ; hydroxylamine 
is a still weaker base ; nitrous acid is a weak acid ; it seems 
therefore probable that dihydroxy-ammonia is a neutral 
substance. 

The relative stabilities of the four compounds diminish as we 
accumulate hydroxyl groups in the molecule : . ammonia is a 
perfectly stable substance; hydroxylamine is unstable in the 
free condition ; dihydroxy-ammonia is not yet isolated ; and, of 
course, the ortho-form of nitrous acid does not exist except 
perhaps in solution. On'Ni^e other hand, the introduction of 
hydroxyl groups increases the acidic character of the bodies. 

When we examine the action of the four substances upon 
aldehydes, the differences between them stand out very clearly. 
The reactions are expressed in the following equations : — 

K . CHO -t- NHb = K. CH(OH) . NHg 
E.CHO + NHaOH = E. CH.NOH + HaO 
E . CHO + NH(OH)' = E . C(OH) : NOH -h HaO 

Nitrous acid is without action upon aldehydes. Upon ketones, 
the positions are reversed to some extent : nitrous acid reacts 
with the neighbouring methylene group if there be one ; dihy- 
droxy-ammonia does not react at all ; hydroxylamine produces 
oximes ; while ammonia does not add itself on to the carbonyl 
group. 

We may mention just one more series of reactions. It is 
well known that in the diazo-reaction nitrous acid acts upon a 
primary amine, and that from the solution we can liberate all 
the nitrogen originally present in the amine and the nitrous 
acid. The equation is as follows : — 

E.NHa + ON.OH = E.N:N.OH + H20 = E.OH + N2-hH,0 
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If this could be applied to the parent substance, the equation 
would take the following form :— 

NH3 + N(0H)3 = N2 + 3H2O 

A precisely similar reaction takes place between hydroxyl- 
amine and dihydroxy-ammonia in aqueous solution at ordinary 
temperatures — 

NH,OH + NH(0H)2 = N^ + SHaO- 

This reaction occurs only when there is a good excess of 
hydroxylamine present; if this is not the case, then the 
dihydroxy-ammonia is apt to condense with a second molecule 
of itself to produce hyponitrous acid. 

A parallel set of reactions in which nitrous oxide is evolved 
instead of nitrogen has also been discovered — 

NHs + 0N(0H)8 = NaO + 3HaO 

NH2OH + N(0H)8 = NaO + 3HaO 

NH(OH)a + NH(0H)2 = N,0 + SH^O 

From these instances it is easy to deduce the influence 
exerted on the properties of the substances by the successive 
replacement of the hydrogen atoms by hydroxyl radicles. 
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CHAPTER IX 

THE COBALTAMMINES 

1. 6eK£BAL 

In the eighth column of the Periodic Table we find a group of 
three elements, iron, nickel, and cobalt, which, while resembling 
each other in a general way, show the usual slight difiTerences 
in their chemical properties. All three form chlorides in which 
one atom of the metal is combined with two atoms of chlorine ; 
FeCi; NiCla CoCla 

but when an attempt is made to produce a higher chloride, it is 
found that while the ferric chloride, FeClg, is quite stable, the 
corresponding cobalt compound GoGl^i, exists only in solution, 
and no analogous nickel salt can be produced at alL From 
this it appears probable that the highest valency which we^ can 
reasonably ascribe to cobalt is three* 

If to a solution of cobaltous chloride, we add ammonia 
until the first-formed precipitate dissolves, allow the solution 
to stand in air until the original brown colour is changed to 
red, and then add concentrated hydrochloric acid, we obtain a 
precipitate of bright scarlet crystals. This new substance, 
which is called roseo-cobalt chloride, is found on analysis to 
have an empirical formula corresponding to the composition — 
CoCls + SNHs + H9O 

Again, if we precipitate and redissolve the cobaltous 
hydroxide in excess of ammonia as before, but this time add 
to the solution a large quantity of ammonium chloride, we shall 
find that after standing in the air and treatment with hydro- 
chloric acid it gives a yeUow-brown precipitate, luteo- cobalt 
chloride, whose empirical formula may be written thus — 
CoCls + 6NH3 

These compounds are typical examples of the class of cobalt 
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ammonia derivatives with which we shall deal in the present 
chapter. It is found that they may be conveniently divided 
into classes according to the number of ammonia molecules 
which they contain ; and in this way we obtain the following 
groups : — 



Kame. 


Formula. 


HezamTnino series . 


. CJoX, + 6NH3 


Pentammine series 


. Ck)X, + 6NH, 


Tetrammine series 


. CoX, + 4NH, 


Triainmine series 


. OoX, + 8NH, 


Diamznine series 


. CoX, + 2NH, + MX 



Here X represents an electro-negative atom or group, and M 
an electro-positive one. 

Now, research has shown that these ammonia groups are 
not attached in a loose way, but are actually in some manner 
bound up with the original cobalt salt. Further, they are so 
closely attached as to produce a complete change in the chemical 
character of the compound ; for while in the salt CoXg we can 
detect the presence of the atoms X by the usual analytical 
methods, in the case of many cobaltammines the X atoms 
appear to lose their ordinary chemical character. The problem 
before chemists, therefore, is twofold. In the first place, we 
have to find some explanation of the addition of several ammonia 
groups to a compound such as cobaltic chloride, in which, as 
we have seen, the affinity of the cobalt atom already appears 
to be completely saturated by that of the three chlorine atoms. 
Secondly, we must show why this addition of ammonia jnolecules 
has such a far-reaching -effect upon the chemical behaviour of 
the chlorine atoms. 

Since the problem of the cobaltammine constitution is a 
special case of the general question of the constitution of com- 
plex salts, it is hardly to be wondered at that the suggestions 
proposed at various times are now fairly numerous. The chief 
of these hypotheses we shall deal with in the succeeding sections 

of this chapter. 

.« 

2. Theories of the Cobaltammines 

(a) The Blomstrand-Jorgensen Theory 

It is not necessary in this place to enter into any detailed 
account of the historical development of the metal-ammonia 

L 
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question. Eeitzenstein i has traced its evolution^ and reference 
may be made to his paper for further information. The first 
important step was taken by Berzelius in the consideration of 
the ammonia compounds of platinum salts^ which in some 
respects resemble the cobaltammines. On the dualistic hypo- 
thesis of Berzelius, metal-ammonia compounds were produced 
by the union of ammonia with another complex ; this complex 
was not split off by treatment with acids, and did not affect 
the "saturation-capacity" of the base. To express this idea, 
Berzelius used formulae of the following type : — 

Pt ."Jf^^.^fHi ^ft 

In the succeeding quarter of a century the ideas of Berzelius 
receded into the background, and it was not until 1869 that 
they were recalled by Blomstrand in his Ghemie der JetztzeiL^ 
Blomstrand,^ while taking Berzelius' formula, preferred to 
modify it in order to make it represent a true ammonia deriva- 
tive, and in this way he arrived at the following symbol : — 

Pt .'NH's . NHs • €)t 

which, when reduced to the modem system o^ nomenclature, 
becomes — 

NHb.NHb.CI 
•Pt 

NH3.NH3.CI 

A somewhat similar view had been taken by Odling. This 
formula carries the implicit assumption that the group — NHs — , 
like — CH2 — , has the faculty of forming homologous chains. 
Blomstrand recognized this, and represented the metal-ammonia 
derivatives by means of symbols of the following types : — 

M . . . I M . . . M . . . . . I 

If we assume the possibility of such a linkage of nitrogen 
atoms, we must take into account, as Blomstrand himself 
pointed out, the possibility of two forms of chain formation; 
for just as in the carbon compounds we may have the normal 

^ Beitzenstein, Zeitsch, anorg, Chem., 1898, 18, 152. 

* See also Wurtz, DicUofmai/re de Chmie, i. 947 (1869). 

* Blomstrand, Ber,, 1871, 4, 40. 
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form (I.) and the iso-form (II.), so in the nitrogen chains we 
may have the normal form (III.) and the iso-form (IV.)— 

OHb 
(I.) B— CH,-CHa— R (II.) I 

R-OH— E 
NH4 
' (III.) R— NHs— NHb— R (IV.) I 

R— NHa— R 

Blomstrand pointed out that a structure of the type (IV.) was 
not at all probable, owing to the fact that while the four 
valencies of carbon are apparently equivalent, the fifth valency 
of the nitrogen atom is always attached to a negative radicle ; 
so that the radicle NH4 could hardly be expected to unite 
with another nitrogen atom. At that time, however, the 
subject was not sufficiently studied to make a decision on the 
point possible; and it was not until Jorgensen began his 
series of researches on the metal-ammonia compounds that the 
question was settled. 

In the early days of research upon the metal-ammonia 
compounds, it was supposed that the cobalt-ammonia molecule 
contained two cobalt atoms, so that the formula of the pentam- 
mine salts, for example, was written thus — 

Oo2Cl«,10NH8 * 

Jorgensen ^ from molecular weight determinations, showed that 
the molecule contained only one cobalt atom, so that the true 
molecular formula is — 

OoCl8,5NH8 

In order to avoid confusion, we may transliterate the state- 
ments made in his earlier papers into the true formulss. 

In 1879, Jorgensen ^ took up the question of the chloro- and 
bromo-pentammine salts, which have the empirical formulss — 

CoCl8,5NH3 OoBr8.5NH8 

and he found that in both series of salts one of the halogen 
atoms was connected more closely than the others with the 
rest of the molecule. This conclusion he based upon the 
following evidence. (1) In double decompositions carried out 
in the cold, one halogen atom remains associated with the 

» Jorgensen, /. yr, Cham,, [2] 1890, 41, 440. • IW<i., [2] 1879, 19, 49. 
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cobalt and ammonia instead of being split off like the other 
two — for instance, it is not removed by silver nitrate; (2) 
though concentrated sulphuric acid breaks off two halogen 
atoms in the form of haloid acid, it leaves the third halogen 
atom unattacked; (3) in the formation of double salts, two 
halogen atoms are alone concerned ; (4) if for a chlorine atom 
in the chloro-pentammine salt we substitute a bromine atom, 
we can produce two different salts which differ in molecular 
volume from each other, as the following figures show : — 

Substance. Molecular volnme. 

Br(Co,5NH,)01, 281-6 

01(0o,6NH,)0U 277-7 

Diff. = 3-9 

01(0o,6NH,)Br, 819-9 

01(0o,6NH,)01« 2777 

Diff. = 42-2 

Thus in the first case the replacement of chlorine by bromine 
produces a difference of 3*9 in molecular volume, while in 
the case where the other tjrpe of chlorine atom is similarly 
replaced the difference in molecular volume is 42*2 -f- 2. In 
order to express these differences between the two sets of 
halogen atoms, we m^ht write the formulae of the salts as 
shown in the foregoing table ; but since the third halogen atom 
appears to be associated in some way with the cobalt and 
ammonia, we might express the character of the compounds 
better by the following formulae : — 

[Co,Cl,5NH8]Cl2 [Co,Br,5NH8]Cla [Co,Cl,5NH3] Bra 
We mast now concern ourselves with the constitution of 
the groups enclosed within the square bracket It will be 
remembered that the question at issue was whether (supposing 
the ammonia groups to be united in a chain) the chain was a 
normal one or a forked one. Let us consider the latter case. 
Since the metal-ammonia compounds are formed from a 
metallic salt and ammonia, it is obvious that one ammonia 
must lose a hydrogen atom, while another ammonia is changed 
to ammonium by the gain of that hydrogen. The formulae 
below show the only possible me(!lnniism for the reaction — 

(I.) M— X + NHs = M— NHg-X 

(II.) M-NHs— X + NHa = M— NHj-X 

I 
NH4 



Digiti 



zed by Google 



THE COBALTAMMINES 149 

Thus far the formation of the forked chain, the presence 
of the labile hydrogen in the ammonia group is a dVM 
qua rum. 

Jorgensen ^ attacked the problem in an ingenious way. If 
the labile hydrogen atom was essential to the production of the 
forked chain, then no forked chain could be produced by the 
interaction of a tertiary amine with a metallic salt; and to 
make doubly sure, Jorgensen chose as his amme pyridine, in 
which there is no possibility of decomposition. Had he used 
trimethylamine, for example, it might have been suggested 
that one of the methyl groups was labile, but this argument 
could not possibly be advanc^ in the case of pyridine. When 
the metallic salt was allowed to interact with pyridine, it was 
found that metal-pyridine compounds were formed which were 
in every way analogous to the metal-ammonias. By this means 
it was shown that the latter class of substances did not contain 
the group — NH4. 

We now come to a point where our ordinary ideas of 
metallic salts cannot help us much. As was mentioned above, 
Jorgensen has shown that the pentammine salts have two 
halogen atoms which take part in the ordinary reactions, while 
a third halogen atom apparently is not ionized, but acts as if it 
were attached to the rest of the molecule in the same way 
as bromine is attached in bromo-benzene. To express this 
Jorgensen adopted the Blomstrand formula, assumed the 
division of the ammonia groups into chains (one being a main 
chain of four ammonia groups), and postulated that halogen 
atoms or electro-negative radicles directly attached to the 
cobalt atom were not ionized in solution. By this means he 
arrived at formulae of the following type : — 

CI* 



dC 



3o— NHff— CI 

. NHfl.NHs.NHg.NHa.Cl 
Here the chlorine atom marked with an asterisk is the one 
which is not ionized ; the other two have the same properties 
as the chlorine in ammonium chloride. 

On first coming into contact with these formulae, the 
^ Jorgensen, J. pr. Chem., [2] 1886, 88, 489. 
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ordinary chemist feels^ for some reason or other, that '' some- 
thing is wrong." On a closer inspection, however, it will be 
found that there is nothing in them which differs in kind from 
what we meet every day ; it is merely the way in which the 
formulae are written that at first sight makes them seem 
strange. For instance, we usually write the hydrochloride of 
hydrazine as in (I.) ; if we write it as in (II.), the analogy with 
the Jorgensen cobaltammine formulae is better brought out — 

(I.) HCl . NHa— NHa . HCl (IL) CI— NH3 . NHs . 01 

In the case of the hydroxylamine salts, it seems probable that 
similar chains are formed. For instance, dihydrozylamine 
hydrochloride ^ might be written in the following way — 

H— NHa— NH2-OI 

I I 

OH OH 

while trihydroxylamine hydriodide ^ may be be supposed to have 
the constitution — 



H - NHa - NHa - NHa - I 
)H OH 



OH 01 



So far, we have dealt only with those compounds which are 
made up of a metallic salt and ammonia, but we must now 
consider a second type of the cobalt-ammonia class. In these 
new substances, it is found that one or more of the ammonia 
molecules can be replaced by a corresponding number of water- 
molecules. To express this, J(5rgensen ^ formulated these bodies 
as oxonium derivatives, thus— 

CI 

Co— CI H 

\ I 

NHs.NHs.NHa.O.Cl 

I 
H 

This, then, is the Jorgensen-Blomstrand theory. Although 

' LoBsen, Annalen, 1871, laO, 242. 

' Dunstan and Goulding, Trarta., 1896, 09, 838; see also Piloty and Bu£F, 
Bar., 1897, 80, 1666. 

3 Jorgensen, Zeitach. anorg. Chem., 1897, 11, 448; 14, 417-8 ; 1899, 19, 109. 
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at firat sight it may appear to contain some rather unusual 
features, it must be home in mind that in the metal-ammonias 
we have a series of substances without parallel among our 
simple salts. If we recognize this, we shall not run the risk of 
rejecting, through prejudice, either the idea of ammonia chains 
or the hypothesis that a halogen atom directly connected with 
a metal may not ionize in solution.* 

(5) The Werner Hypothesis 

In 1893 Werner^ put forward an hypothesis, by the aid of 
which he hoped to give a complete explanation, not only of the 
properties of metal-ammonia compounds, but of hydrates as 
well. We must take up in turn the series of assumptions upon 
which his views are based. 

I. He assumes the existence of two different forces which go to 
link ^gether the atoms of a molecule. In the first place, 
there are what he calls ^* main vdlenciss^^^ which conespoDd 
to '* our ordinary valencies " ; and, secondly, there are so- 
called ^^ auxiliary valendeSy^^ '* which most be assumed to 
explain the constitution of molecular compounds.'* To make 
clear the difference between the two he gives the following 
definitions^: (a) ''Main valencies unite together simple or 
compound radicles which can exist as independent ions or 
whose chemical binding-power is equivalent to that of the 
ionizable radicles, (b) Auxiliary valencies represent actions 
of affinity which unite together radicles that neither act as 
independent ions nor can be equivalent thereto." He further 
defines the two terms thus : (1) '' Main valencies are those 
whose saturation-power is measured by equivalence with one 
electron. (2) By an auxiliary valency is understood an 
action of affinity which can unite two atomic groups by 
*atomare^ union, but is not capable of chaining up an 
electron." Finally,' to make the matter quite clear, he adds, 
'' Main and auxiliary valencies are actions of affinity which 

* Compare the oases of merourio chloride and oyanide. 

' Werner, Zeitach. cmorg, Chem,, 1893, 8, 267. See also his Lehrbuch der 
Stereochemief 1904. FaU references to the literature of the metal-ammonias 
are given by him in Ber,, 1907, 40, 15. 

' Werner, Nettere Anachauungen auf dem Oebiete der anorganiachen 
Chemie, pp. 58-9. 1906. 

' Werner, Lehrbuch der Stereochemie, p. 818. 1904. 
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apparently differ only in their order of magnitade, as a 
metre from a part thereof." 

II. His second assamption (the evidence for which we shall 

extunine in a later section) is as follows : If we take the 
componnds shown below — 

(I.) (II.) (HI.) (IV.) 

CoX„8NH, CoX„4NH, OoX„6NH, CoX,.6NHs 

Werner lays it down that when (I.) is. dissolved in water 
no ions are formed, the substance not bein^ dissociated. 
In the case of (II.), one of the '^ X *' groups is supposed to 
ionize ; in (III.) two " X " ions are formed ; while in (IV.) 
there are three. That is to say, if Werner be correct, we 
must write the formulae of the four bodies thus, in order to 
bring out their behaviour in solution — 

(I.) (II.) (III.) (IV.) 

(CoX„3NH,) (CoX8,4NH,)X (CoX,5NH,)Xe (Oo,6NH,)X, 

Thus, in order to go from the compound (lY.) to (III.) one 
of the acid radicles *' X '' loses its acid character, ceases to 
act as an ion, and replaces one of the ammonia radicles 
within the bracket.^ In the compound (I.) this process has 
reached its limit, three acid groups being within the bracket, 
and hence forming part of the complex radicle. 

III. Werner's next assumption is identical with that of Jorgensen, 
viz. that acid radicles directly attached to the cobalt atom 
are not ionized when the substance is dissolved in water. 

ly. He further assumes that all the groups within the brackets 
are directly attached to the cobalt atom, whether they be 
halogen atoms, nitro-groups, or ammonia molecules. 
Y. He assumes, in the fifth place, that the groups within the 
brackets are united to the cobalt atom by means of his 
postulated *' auxiliary valencies." It does not seem quite 
clear whether he means that the chlorine atoms in such a 
compound as — 

NHs.. ^Cl 

NH,--:Oo-Cl 

NH,. - ^Cl 

are united to cobalt by a so-called " auxiliary " valency or 

> Gomparoi however, Jorgensen's remarks, Zeitsch. anorg. Chenu^ 1894, 7, 
817-820. 
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not. According to his definition they must be; but in 
cases where he distinguishes between " mciin " and " auxiliary " 
valencies, he uses the ordinary straight line to represent 
an ordinary valency, and a dotted line to represent an 
" auxiliary *' one ; it therefore seems peculiar to find in 
some of his formulae a mixture of the two symbols, such 
as is shown above. 

YI. He next assumes that each of the six groups within the 
bracket is placed at the comer of a regular octahedron, 
whose centre is occupied by the cobalt atom. 

YII. In the seventh place he makes the further implicit assump- 
tion that, except when intramolecular wandeiing of groups 
is required to make the hypothesis fit the facts, the six 
groups retain in space their relative positions with regard to 
each other and to the cobalt atom. On this assumption, it 
is evident that a compound of the type — 



r (NH,),-| 



could exist in two isomeric forms, according to whether the 
two '' X *' groups lay at opposite ends of the same edge of 
the octahedron or not. The two possible formulas are 
shown in the figures below, which also give the system of 
numbering proposed by Werner for the comers of his 
octahedron — 

xo X(0 



NHg(6 



■7X0 



NH^) 



:NH30 



Qo / / do \/ 

NH8(«) ^xn 

These seven assumptions, together with some others which 
we need not detail, make up what Werner calls his " Co-ordina- 
tion theory/' the gist of which is that the six groups within 
the brackets are directly attached to (or, as he calls it, " co- 
ordinated with") the cobalt atom, by means of some sort of 
force which is the same kind of thing as an ordinary valency, 
without exactly being one. He has applied the same ideas to 
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the case of ammonium salts ^ and oxonium salts,^ producing 
formulae like — 



In these cases the hydrogen atoms are assumed to be more 
than monovalent, and the ammonia radicle or pyrone group is 
attached to the hydrogen atom by means of a so-called 
" auxiliary valency." 

With regard to Werner s first assumption, that of the so- 
called " main " and " auxiliary " valencies, Jorgensen ^ has 
pointed out that it leads to confusion whein applied to Jtl^e^ 
rest of Werner's ideas about the cobaltammines. " If one atom 
of chlorine or another electro-negative radicle is supposed, for 
instance, to be co-ordinated with the trivalent cobalt atom, and 
does not saturate a valency of that atom, it is incomprehensible 
why the radicle thus formed, Co(NH8)5Cl, is only divalent, 
unites with only two electro-negative radicles, and does not 
behave like a trivalent radicle, just as much as Co(NH8)6. On 
the other hand, if the chlorine atom saturates a valency of the 
cobalt atom, it cannot be co-ordinated ; for co-ordinated groups 
do not alter the valency of the metallic atom. In this case 
one can understand that the group CoCl . (NH8)5 is only divalent, 
but then there can be no question of an octahedral grouping, 
since there are only five co-ordinated groups of atoms present." 

Jdrgensen ^ has also pointed out that " the compound — 

[(NOa)2Co.(NH8)2]aC204 

whether it be supposed to be dinitro-diammin-oxalate or 
dinitro-diammin-dinitro-diammin-oxalate, absolutely cannot be 
brought into concord with Werner's theory. He (Werner) has 

^ Werner, Annalen, 1902, 8S8, 261. < Ibid., 296. 

* Jdrgensen, Zeitsch, anorg, Chem., 1899, 19, 155. * Ibid., 151. 
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certainly tried to force ^ the salt into his system, but he has 
done so by assuming that Ca04 occupies one co-ordination place 
in the oxalo-pentammine salts, two such positions in the oxalate- 
tetrammino salts, and fov/r in dinitro-diammino-oxalate. It is 
clear that with assumptions of this type one could prove 
anything." 

In order to get round these and similar difficulties, Werner 
has to resort to formulffi ^ such as — 

(NHb)— -\ 

(H8N)4Co'' 

O CO 

and to assume ^ that two molecules of water, piperidine, or of 
aniline can act mono-molecularly. 

We have not space here to deal with the many cases 
mentioned by Jorgensen, which cannot, except by means of 
elaborate supplemental hypotheses, be brought into line with 
Werner's ideas. Jorgensen's papers * may be consulted on the 
subject. 

Looking at the matter in its broad outlines, the following 
seems to be a fair summary of the chief points. In the first 
place, the three chlorine atoms of cobaltic chloride are evidently 
weakly attached to the cobalt atom. This is shown by the 
instability of the salt. Therefore we must conclude that the 
affinity of the cobalt atom is completely occupied in holding 
these chlorine atoms. Yet, according to Werner's ideas, the 
cobalt atom has still enough residual affinity left to attach 
to itself six ammonia molecules, and then when it has done 
this these molecules are so firmly hooked on by the so-called 
" auxiliary valencies," that they cannot be driven out of the 
compound as they could be from an ammonium salt. Further, 
the complex thus formed has apparently very much more 
affinity for chlorine atoms than the original cobalt atom had, 
as it forms a quite stable compound with them. 

^ Werner, Zeitsch, anorg. Chem,, 1897, 14, 26. 

* Werner, Neuere An$chauwngen^ p. 181. 1905. 

' Werner, Zeitach, cmarg, Chem,, 1897, 15, 248; compare Jorgensen, ibid.^ 
1899, 19, 151. 

* Jorgensen, Zeitsch. a/norg, Chem., 1894, 5, 147; 1897, 18, 172; 1897, 14, 
404 ; 1899, 19, 109. 
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(c) Friend's Explanation 

Friend ^ distinguisheB three kinds of valency : (1) free 
negative valency ; (2) free positive valency ; and (3) residual 
valency. The iSrst of these is possessed by those elements 
which can combine with one or more electrons; the second, 
positive valency, is due to a capacity for parting with an 
electron. Thus an element may have both n^ative and 
positive valency. Residual valency (or latent valency) differs 
from the others in that residual valencies can only be brought 
into action in pairs of equal and opposite sign. In order to 
distinguish between free and latent valencies, Friend represents 
the free ones by thick lines. For example, in ammonia the free 
negative valencies of the nitrogen are saturated. Now, a new 
negative valency can only be called out in conjunction with a 
positive one, so that ammonium chloride would be represented 
by- 



H, 






Applying this view to Uie cobaltammines, we get formulae of 
the following type — 

NHa 




NH3 ^^01 



(II.) I Ck C I CI 



Here the chlorine atoms and the ammonia molecules form a 
shell round the metallic atom, and are joined together by latent 
valencies ; the ionizable chlorine in (II.) and the two ionizable 
chlorine atoms in (I.) are joined to the cobalt atom by free 
valencies. 

The great advantage which this view has over both 
Jorgensen's and Werner's explanations lies in the fact that 

» Friend, Trans., 1908, M, 260, 1007; The Theory of Valency y p. 150. 
1908. 
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we have no need to assome that a chlorine atom directly 
attached to a metallic atom will not ionize in solution. 
Instead of Werner's long series of assumptions, Friend's theory 
requires only those which Bamsay ^ has shown to he consonant 
with the newer electronic views of chemical affinity. 

The views of Spiegel,* Briggs,' and Arrhenius * resemble 
those of Friend to some extent ; but as they do not carry the 
question further, we need not refer to them in detail. 



(d) Bak^'% View^ 

According to this view, isomerism among the metallic 
ammines is due to difiference in configuration round the 
nitrogen atom. The ionizable acid groups are represented as 
derivatives of substituted ammonias thus — 



> 



Co— NHfl— NHs— X 



The non-ionized acid groups, on the other hand, are directly 
united to the cobalt atom, but are prevented from ionizing by 
having an NHs group also attached to them, thus — 



> 



Co— X = NH8 



A regular series is formed in this way; as each grouping 
— NHs — NHa — X Ib replaced by — XsNHs a single molecule 
of ammonia is removed, and one of the acid groups becomes 
non-ionizable. After the triammines, further removal of 
ammonia results in the substitution of the group — X^NHs 
by — X = X-^M, and so complex metallo-ammonia compounds 
are formed. 

Applying this idea to the question of the occurrence of 
isomeric cobaltammines, we find the following. If the sym- 
metrical space grouping of atoms be considered as due to 

^ Bamsay, Trans., 1908, 98, 774. 

* Spiegal, Zeitsch, anorg. Chem., 1902, 29, 865. 
» Briggs, Trans., 1908, 98, 1664. 

* AzrheniuB, Theorien der Chemie, p. 78. 1906. 

« Miss S. M. Baker, Proc Chem, Soa,, 1909, 86, 228; Chem, News, 1911, 
108, 162. 
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repulsion between the connecting electrons, then in the case 
of such a grouping as — 

— C1 = NH8 

in which there is a strong attraction between the electro- 
positive hydrogen and the electro-negative chlorine, this 
attraction may overcome the repulsion of the bonds. Under 
such conditions there are two possible isomers — 

H H 



M~C1=:N— H M— Cl=^ 

5/ 

Ex-fonn £n-fonn 



which may be called ex and m according to whether the double 
bond is inside or outside the ring of hydrogen atoms. The 
possibility of such isomerism explains all the isomers which 
have been found among the cobaltammines. A study of their 
reactions makes it probable that the fiavo-salts are 6a^- while 
the croceo-compounds are em^ derivatives. 



(tf) Bamsai/s Views 

Eamsay/ in his 1908 Presidential Address to the Chemical 
Society, put forward the thesis that what we term an electron 
is reaUy an " atom " of electricity, and from this point of view 
he was able to throw a new light upon many chemical problems. 
Before proceeding to deal with the cobaltammines, we must 
examine the application of Bamsay's view to the case of sodium 
chloride. 

" If it be conceded that salt differs from its solution only in 
so far as the mobility of the solution permits of transfer of ions, 
the transfer of an electron from the sodium to the chlorine 
must take place at the moment of combination. Symbolized, 
if we write E for electron and simplify the reaction, dealing for 
the moment with an atom and not with a molecule of chlorine, 
we have — 

ENa + CI = NaECl 
» lUwnsay, Tr^riB,, 1908, 98, 774. 
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Here the electron serves as the bond of union between the 
sodium and the chlorine. 

" If it be desired to form a mental picture of what occurs, 
let me suggest a fanciful analogy which may serve the purpose ; 
it is that an electron is an amoeba-like structure, and that ENa 
may be conceived as an orange of sodium surrounded by a rind 
of electron ; that on combination the rind separates from the 
orange and forms a layer or cushion between the Na and the 
CI \ and that on solution the electron attaches itself to 
the chlorine in some similar fashion, forming an ion of 
chlorine." 

. In order to save complication in formulae, Bamsay adopts 
the ordinary symbol — to represent the electron, so that the 
above equation becomes — 

Na— + CI = Na— CI 

and on solution In water this splits up into N& and — CL 

Turning to the case of the cobaltammine nitrites, Bamsay 

applies the foregoing ideas in the following manner : — 

'' Just as the nitrogen in NH4CI takes one electron from the 

hydrogen of the HCl and gives up one to the chlorine, so it 

appears reasonable to suppose that in these cobaltammines 

each nitrogen atom of the three ammonia groups takes from 

the cobalt atom one electron, whilst it gives one at the 

same time. The formula of the triammino nitrite would 

therefore be — 

NHs 

\ 
H8N^Co=(NOa)8 



A 



If another molecule of ammonia be added, then the cobalt atom 
gives to the nitrogen of the ammonia an electron, but does not 
receive one in return. The nitrogen atom of that ammonia 
group is then ' over-loaded,' for it has feceived four electrons in 
addition to its normal five, making nine in all. Now, it appears 
that no element can be associated with more than eight in all ; 
hence that nitrogen atom must lose an electron. This it 
imparts to one of the (NOa) groups, which parts company with 
the cobalt atom, and, as a complex ammonium nitrite is now 
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present, it is ionizable on solution in water. A glance at the 
proposed formula will explain the conception — 

NHs— NO, 
t 



H3NNH8 

Why is the group Co(N'H^)3({T02)8 not ionizable? Let us first 
inquire: why is cobalt nitrate ionizable? (Cobalt nitrite is 
unknown.) Because the cobalt atom gives up an electron to . 
each of the three NOg — groups, remaining itself as an ion. That 
is, the metal cobalt has three electrons associated with it ; what 
we call * metallic cobalt ' is a * tri-electride ' of cobalt. As 
' cobaltion ' it has parted with its three electrons. But, in the 
last of the three compounds above, the cobalt has not got three 
electrons at disposal ; it has already parted with them to the 
NHg— NOa groups. And we are led to conclude that in the non- 
ionizable compound the cobalt does not, as in its ordinary salts, 
part with three electrons, but that it receives them from the 
nitro-groups." 

3. The Chemical Behaviour of the Cobaltammines 
(a) The Ions in Cobaltammine Solutions 

From what has been said in the previous sections, it will 
be evident that one of the most important questions in this 
division of inorganic chemistry is that which concerns the 
number and character of ions formed when a given cobaltammine 
is dissolved in water. The whole theoretical part of the subject 
hinges upon this point, and it is much to be regretted that 
up to the present time no really conclusive researches have 
been carried out in this direction. It is to be hoped that 
in the near future the problem may be attacked without parti 
pris, in order to determine at least the number of the ions in 
question. 

Up to 1893, our knowledge of the behaviour of the cobalt- 
ammines in solution depended upon the work of Jorgensen 
and others, who deduced the number of ions in solution in the 
usual way from the results of chemical decompositions. In 
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that year, however, Werner and Miolati^ put forward what 
they call a '' simple empirical rule " for determining the number 
of ions in solution. According to their assumptions, the 
number of ions in a cobaltammine solution can be measured 
by the conductivity of that solution, if the temperature be 
25^ C, and the dilution equal to one gramme molecule in a 
thousand litres. From this assumption they have deduced a 
whole series of numbers of ions which agree quite closely with 
what is required to fit in with Werner's hypothesis. 

Attention might be drawn to one or two points. In the 
first place, when the results obtained at 25*^ C. and 1000 litres 
dilution agreed with Werner's views, no further measurements 
were made. On the other hand, when the figures obtained did 
not agree with the hypothesis, it was at once assumed that the 
substance was unstable (as in many instances was the case), and 
the measurements were repeated at very high concentrations 
and lower temperatures. In this way, of course, other figures 
were obtained which agreed more closely with what was 
required. 

Further, the assumption that one can deduce the number of 
ions from the conductivity of a solution, cannot be regarded as 
incontestable. For example, in Fig. 23 is shown a series of 
examples in which the conductivities for 1024 litres at 25° of 
various salts are plotted in a line; the approximate limits 
of Werner's range for "di-ionic" and "tri-ionic" salts are 
shown by the horizontal lines. An examination of the figure 
will show that no sharp gradations exist, such as Wemer^s 
hypothesis requires. For instance, the conductivities of his 
" tri-ionic " salts lie round about the conductivity of magnesium 
sulphate, which is undoubtedly di-ionic, while all up the slant- 
ing line di- and tri-ionic salts alternate in a way which shows 
that we can deduce from conductivity alone no information 
with regard to the numbers of ions into which compounds 
dissociate. 

The fact is, of course, that except in a few very restricted 
classes, there is no general rule connecting ionization numerically 
with the constitution of a compound. For example, if we take 

' Werner and Miolati, Z^Uch, phys. Ghent,, 1898, 12, 85; 1894, 14, 506; 
1896, 21, 225. 

M 
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the case of phosphoric acid, it is well known that the constitu- 
tion of the substance is expressed by the formula — 

OH 
: P— OH 

Now, this formula corresponds to that of phosphorus 
oxychloride — 

CI 

: P— CI 

\ 
CI ^ 

and as Caven ^ has shown that the three chlorines in the latter 




Fia. 23. 

compound are equivalent to each other, we may fairly deduce 
^ Gayen, Tranz,^ 1902, 81, 1962. 
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that the same must be true for the hydroxyl groups of phos- 
phoric acid, as far as stnieture is concerned. It is well known, 
however, that the three hydroxyl groups of phosphoric acid 
are not equivalent from the electro-chemical point of view, as 
with regard to methyl orange it is mono-basic, dibasic with 
regard to phenolphthalein, and tri-basic with yet another 
indicator. From this it follows that little reliance can be 
placed upon d priori connections between molecular constitution 
and ionization.^ 

Petersen ^ approached the matter with a much broader out- 
look. Taking the van't Hoflf equation — 

i = 1 + (* - 1)« 

in which k is the number of ions into which a salt dissociates, 
and d is the degree of dissociation of the solution, Petersen 
pointed out that we have two ways of calculating the 
approximate value of •'. In the first place, we may determine 
the value of a in the usual way from a comparison of the con- 
ductivity at, say, v litres dilution with that at infinite dilution. 
The value of d, (that is to say, the extent to which the substance 
is dissociated into ions when one gramme molecule is dissolved 
in V litres of water) is expressed by the equation — 

If we now substitute this value of a in the equation — 

i = 1 + (* - l)a 

we shall get a series of values for i if we make k equal to 
unity, two, three, or four. We shall thus obtain a series of 
four possible values for i. To distinguish which of these is 
the correct one, we must calculate the value of i from 
experimental results obtained by a different method. 

Now, van't HoflTs factor i is really an expression of the 
ratio between the observed osmotic pressure and the calculated 
one in the case of an electrolyte in solution. Thus if we 
take an electrolyte, dissolve one gramme in 100 grammes of 
water, and observe the depression of the freezing-point, when 

^ Ck)mpare Walden's inyestigations on the relation between conductivity 
and degree of dissociation, Zeit. phynkai. Chem,, 1906, 64, 129. 

* Petersen, ZeUsch, physikal, Chem., 1897, 82, 410 ; 1902, 89, 249. 
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we proceed to calculate the molecular depression we shall find 
it abnormal, owing to the fact that each ion acts as a molecule. 
To find the value of i, we must obviously divide our observed 
molecular depression by the normal value for water, viz. 18*7, 
the quotient giving the value of i. 

We have now got the value of i in two ways : one possible 
value from the freezing-point depression, and alternative values 
from the conductivity measurements. We proceed to compare 
the freezing-point % with those obtained from the conductivity, 
and we shall find, of course, that the two agree only for one 
value of h. We therefore conclude that this value of A; is the 
true one, and represents the number of ions in the solution in 
question. 

An actual example will make the matter quite clear. We 
may take the values given by Petersen for dinitro-triammino- 
cobalt chloride. 



V 


Obiemd 
depranlon. 


MoIecoUr 
deprsMloiL 


(freaing-pofait). 


Value of 1 + (fc * l)a ftom oon* 


50 lit. 


0-090 


450 


2-41 


1-84 2-68 8-52 



Here it is obvious that the value of i found from the freezing- 
point agrees with that of the equivalent expression l+(k ^ l)a 
from the conductivity only when k is 3. Hence, under the 
conditions of the experiment, the number of ions in the solution 
is three. 

Further, the accuracy of the experimental work can be 
controlled by the closeness of agreement between the values 
of i pbtained in the two ways. Petersen in many cases got 
very close agreement between the two sets of results. 

Werner and Herty^ four years later replied to Petersen 
in a somewhat violent tone, admitting that theoretically his 
methods were perfectly accurate, but criticizing the experi- 
mental details. They gave some figures for i which did not 
agree with those found by Petersen. It is noteworthy that 
while they are extremely critical of Petersen's methods, which, 
after all, seem to be the best that could be devised, they give 

^ Werner and Herty, Zeitsch. phyHkal. Cfmn., 1901, 88, 881. 
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absolutely no experimental details with regard to the methods 
they employed to obtain their own figures. Petersen ^ makes 
out a very strong case in his reply, and it appears strange that 
Werner has not given any explanation of the methods used to 
obtain his figures. 

A comparison of the number of ions which the difTerent 
workers deduce from their results in the case of several 
cobaltammines may be given here.^ It shows the state of 
uncertainty which exists in the matter. 

Dinitrotriammino-cobalt ohloride 
FlaTooobalt nitrate .... 
Grooeooobftlt nitrate .... 
Ohloronitrotetrammino-oobalt obloride 
Carbonatotetrammino-oobalt bromide . 

Obviously, until some definite work is done upon this branch 
of the subject, no conclusions can safely be drawn with regard 
to the number of ions in question. Two workers have arrived 
at conflicting results, and the question must be treated as 
9fuh judice. Until it is settled one way or the other, it would 
hardly be safe to draw conclusions from the results of con- 
ductivity methods alone. 

(J). The 'Jorgmsffn- Wemer Controversy 

In the present section, we must consider some of the main 
points which came to light during the controversy between 
Jorgensen and Werner with regard to the constitution of the 
cobaltammine salts. It is, of course, quite impossible to deal 
even with the broad outlines of the discussion, which lasted for 
eight years or more ; but we may select a few examples of the 
arguments employed on each side. 

In the first place, we may mention one instance in which 
Werner's ideas do not appear to be capable of explaining the 
known facts. 

If we accept Werner's octahedral arrangement of the so- 
called ''co-ordinated groups" around the cobalt atom, it is 
obvious that in the case of a compound CoX(NH8)6 only one 

^ Petersen, ZeiUcK phyaikal Chem,, 1902, 89, 249. 

* For farther figures see Jorgensen, Zeitsch. cmorg. Chem.f 1899, 19, 188. 
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form can exist. Now, in point of fact Jorgensen * has shown 
that in the case where " X " is a nitro-group, i,e, in the xantho- 
salts^ two isomeric forms are known. This phenomenon Jorgen- 
sen explained by assuming that the isomerism w€is caused by 
.some difference in the constitution of the two nitro-groups, and 
he suggested many different possible structures, the simplest of 
which were — NO2 and — . NO. Now, as will be shown later, 
Werner cannot admit this type of isomerism here, or he must 
admit it in other cases which tell against his hypothesis. But 
if he does not admit it here, the so-called " Co-ordination 
theory " offers no explanation of this isomerism. 

One of the weak points in Werner's hypothesis is the ease 
with which it can be extended to '' explain " cases of isomerism 
which after a time have proved to be mere mares' nests. For 
example, in his very first publication of his hypothesis^ he 
gave an elaborate "explanation" of the occurrence of two 
isomeric forms of cobalt roseo-salts. Jorgensen investigated 
the matter, and found that no such isomerism existed. Werner' 
then declared that the views developed by him to explain the 
isomerism of the aquo-pentammine salts stood in no direct 
relation with the general ideas on the metal-ammonia com- 
pounds put forward by him, but were rather a special 
development, which, as regards the general ideas, was totally 
unimportant and totally independent, and whose fall, therefore, 
had no connection whatever with the main hypothesis. One 
might well ask why, in this case, it was worth putting it 
forward at all. 

The crux of the whole question, however, lies in the 
tetrammino-salts, with which we shall now deal. In the 
ethylene diamine derivatives of cobalt, in which two molecules 
of ethylene diamine replace the four ammonia molecules of the 
tetranmiine series, Jorgensen ^ established the existence of two 
isomeric series of compounds. To one of these he gave the 
name Praseo-salts, to the other Violeo-salts. The formula of 
the series would be 

^ JdrgenBen, ZHUch, cmorg, Chem., 1894, 5, 169, 172; 1899, 19, 148. 

« Wemer, ZeiUch. anorg, Chem., 1898, 8, 801. 

» Ibid., 1897, 15, 144. 

« Jorgensen, J, pr. Chem., (2) 1889, 89, 17 ; 1890, 41, 448. 
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where "en" represents one molecule of ethylene diamine, 
NHa . CHa . CHa . NHa. Now, Jorgensen found that in the case 
of the compounds — 

(NOa)aCo(NH8)4X 

which are the analogues of the ethylene diamine compounds, 
two isomeric substances also exist. To these he gave the names 
Flavo- and Croceo-salts. 

Jorgensen saw that there were two possibilities to be kept 
in view. In the first place, the cause of the isomerism might 
be the same in the ethylene diamine compounds as it was in 
the tetrammine series; or, secondly, the origin of the isomerism 
in the latter case might be due to differences in the structure 
of the nitro-groups, just as in the case of the pentammine 
xantho-salts. Later,^ he abandoned completely any idea of a 
parallelism between the ethylene diamine and the ammonia 
compounds, finding " not a single fact in support of such an 
assumption." 

Meanwhile Werner^ had found that when praseo-salts are 
warmed with sodium nitrite and dilute acetic acid, they go over 
into croceo-salts. Hence he deduced that croceo-salts belonged 
to the praseo-series, and conversely, that the flavo-salts must 
be violeo-compounds. 

He then concludes as follows : " Since in the preparation 
of flavo-salts from carbonato-tetrammino chloride" (violeo- 
salt), "and also in the preparation of croceo-salts* from 
praseo-cobalt chloride, intermediate tetrammino-purpureo- and 
tetrammino-roseo-salts " (of the composition — 

aiCoCUHaOjCl, Tetrammino-purpureo salt 
a4Co(HaOX,Cl8, „ roseo „ ) 

" are formed, it is clear that these also are present in isomeric 
forms. We thus obtain the following series, which correspond 
completely with one another : — 

[Co^j Ici, Praseo-salts [^CO ]ci, Violeo-salts 

r ** 1 
Co HjO Clj, Praseo-purpureo-salts Violeo-purpureo-salts 

L CI ■* 

^ Jorgensen, Bull, de VAcad. de Danemarkt 1895, 1. 
* Werner, Zeitsch, anorg, Chem,, 1895, 8, 182. 
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Cls, Praseo-roseo-salts Violeo-roseo-salts 



fco** ]( 
L (H,0)J 



[Go ICI, Croceo-salts Flavo-salta 

Since it is proved by the above considerations that two com- 
pletely corresponding series of geometrically isomeric cobalt- 
ammonia compounds occur, the chief problem before us is the 
question of the configuration of the two series." He then 
proceeds to deal at length with the configurations. 

Jorgensen^ draws attention to .the following points: "If 
one now reflects that, in the preparation of croceo- and flavo- 
salts in the way described, the formation of isomeric (not to 
speak of geometrically isomeric) purpureo- and roseo-salts 
neither has been observed nor can be observed, and, further, 
that isomers most certainly cannot be 'proved' to exist by 
means of ' considerations,' but only by experiments, the main 
question is certainly, not whether the isomeric salts have one 
configuration or another, but rather whether such isomers exist 
at all. 

" Werner himself has felt this, but the whole experimental 
proof which he adduces is the following: *The preliminary 
researches ' — ^how they are carried out is not even mentioned — 
' to demonstrate the existence of the isomeric tetrammino- 
purpureo- and roseo-salts have shown that the tetrammino- 
purpureo-salts of the praseo-series are deep violet, those of the 
violeo-series more lilac to rose-coloured ; the latter go over into 
the former even on standing. On the other hand, the praseo- 
purpureo-salts are less soluble than those of the violeo-series, 
and the latter are converted more easily than the former into 
the corresponding roseo-salts/ 

" Since November, 1894, when Werner wrote this, and on 
such shaky foundations built up whole pages of theoretical con- 
siderations with cis- and trans-forms and numerous octahedra 
he has found no occasion to give any further information on the 
subject It therefore seems about time to prove that the whole 
thing is a castle in the air." 

Jorgensen then goes on to give numerous experimental 
^ Jorgensen, Zeihch, anorg. Chem,, 1897, 14, 406. 
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details which completely disprove Wemet's assumptions ; we 
need only quote one example. Werner takes, in the table 
above, praseo-chloride as his typical praseo-salt, and carbonato- 
tetrammino-chloride as his typical violeo-salt. Jorgensen 
shows that when wanned with ammonium carbonate, the 
former is converted into the latter. Hence either Werner's 
typical violeo-salt belongs to the praseo-series ; or the typical 
praseo-salt belongs to the violeo-series. 

Now, since all these difficulties arise only from the assump- 
tion that the ethylene diamine series of compounds are exactly 
parallel to the tetrammino-compounds, the simplest way out of 
the difficulty seems to be to abandon any such parallelism. 
Jorgensen^ pointed out that in the case of ethylene diamine, 
we can imagine two possible arrangements within the cobalt- 
ammine molecule — 

CI CI 
/ / 
Co— CI Co— CI CHa CHa 

\ \ I I 

NH^NHa— NHa— NHa— CI NHj-NHa— NH^— NH,- CI 

CHr-Cfla CH^CHa CHa CHa 

so that we might attribute the isomerism in these compounds 
to this difference. Now, in the ammonia compounds such an 
isomerism could not occur, owing to the similarity of all four 
ammonia groups. We should therefore expect to find no 
isomerism in the case of the ammonia-compounds of the type 
[(NH8)4CoCl8] ; and, as a matter of fact, no such isomers are 
known, the compound exists in one form only. But as soon 
as we replace the chlorine atoms by nitro-groups, producing 
[(NH8)4Co(NOa)8] we introduce the possibility of structural 
isomerism again in the nitro-groups, and in this case we actually 
find two isomers. 

It seems, therefore, unnecessary to assume the existence of 
ammonia-violeo-salts until some better evidence is produced.^ 

Werner* has endeavoured to disprove Jorgensen's assump- 
tion of isomerism in the nitro-groups of the tetrammino-salts 
by the following work. 

^ JdrgeDBen, ZeU$eK anorg, Chem,, 1897, 14, 410. 

< Ibid,, 1899, 19, 146. 

' Werner, Ber., 1901, 14, 1710. 
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Jorgensen ^ had shown that when the two isomeric dinitrito- 
tetrammino-chlorides 



r (NOa)a] 
Co CI 

L (NH8)J 



are treated with hydrochloric acid, one isomer loses (me nitro- 
group, while the other loses both at once. From this behaviour, 
Jorgensen deduced that the two nitro-groups were differently 
constituted in the tetrammino-compounds, and suggested as 
one possibility that in the one salt the group might be present 
as — NOa, while in the other it might be — . NO, just as in 
the case of the pentammine salts. 

Werner, assuming the parallelism between tetrammino- and 
diethylenediammino-compounds which Jorgensen had proposed 
and subsequently abandoned, owing to the weight of evidence 
against it, postulated that this isomerism of the nitro-groups 
must also occur in the corresponding diethylene diammino- 
compounds, whose formulae would thus be — 



O.NO 

Co—NOa 

\ 
ena 



O.NO 

Co— . NO 

\ 
eua 



Werner found that, when acted on by nitric acid, both salts 
lost one nitro-group and were converted into nitrito-nitrato- 
compounds, which on treatment with hydrochloric acid in 
aqueous solution give identical chloro-nitrito-salts. 

If this chloro-nitrito-salt is to be derived from both the 
above dinitrito-compounds, it must, according to Werner, have 
the following constitution : — 



(I.) 



O.NO 

Co-Cl 

\ 
ena 



Now, there is another chloro-nitrito-salt known, isomeric with 
this ; and if the difference lies in the structure of the nitrite 

^ Jorgensen, Zeitsch. anorg. Chem,, 1899, 19, 109- 
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group, this new chloro-nitrito-compound must have the con- 
stitution — 

(IL) c^ci 

\ 
©Da 

this is, it must have a nitro- instead of a nitrito-group. 

When treated with sodium nifaite, this substance gives 
quantitatively the dinitrito-compound, in which the two nitro- 
groups were assumed originally to be alike ; while the com- 
pound (I.) under the same conditions gives the isomeric 
dinitrito body in which the two nitrito-groups were diflferent 
in behaviour. These changes are shown in the scheme below. 
It will be seen that instead of the compound (A) being 
regenerated, we get a compound (C). 




(Obtained from both (Isomeric nitro-body) 
A and B) 



INaNOa 
O.NO 

Co— NO2 

\ 

L eua J 
(B) 



4,NaN0, 

NO, 

/ 
Co— NOj 



en. 



(C) 



The chief points to notice in regard to this reasoning are as 
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follows : In the first place, it assumea the parallelism between 
the tetrammino-compounds and the diethylene-diammino-com- 
pounds. In the second place, it assumes that the isomerism 
of the ethylene-diamine compounds has its origin in the 
nitro-groups, and not, as Jorgensen suggested, in the arrange- 
ment of the ethylene-diamine groups within the molecide. 
Thirdly, it assumes that under the strenuous treatment to 
which the nitrite groups are exposed during the above series 
of reactions, no desmotropic change in their constitution takes 
place. 

The question at issue is quite clear. Jorgensen points out 
that if we take the three cases of the dichloro-diethylene- 
diammino salts, the dinitrito-tetrammino-salts, and the dichloro- 
tetrammino-salts, two isomeric series are known in the case of 
the first two sets, but the dichloro-tetrammino-compounds occur 
in one form only — 



ra 



. ,X Occur in two forms. 

en2J 

[ ^4nH ^ ]x Occur in two forms. 

[Oo/vrcr \ X Only one form known. 

So that in each case where isomerism is observed there are 
either two nitro-groups or two ethylene diamine molecules. 
Where these are both absent, no isomerism occurs. Werner, 
on the other hand, maintains that his theory accounts better 
for the facts, though he has not been able to produce the two 
isomeric tetrammino-salts which, according to his views, ought 
to exist. The non-production of these salts is specially signifi- 
cant when we consider how easily we can £ransform one di- 
ethylene-diamine isomer into the other ; evaporation with 
mineral acids produces one form, from which the other can be 
regenerated by evaporating with water after making the solution 
neutral. 

4. Conclusion 

We have now surveyed the chief hypotheses which have 
been put forward to account for the isomerism and behaviour 
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of the various cobaltammines ; and from the contents of the 
foregoing sections it is clear that the whole question is at 
present in a very unsettled condition. The explanations we 
have mentioned may be divided into three classes : first, those 
based upon the electron theory ; secondly, those which postulate 
new ideas of valency ; and lastly, explanations founded on the 
old ideas of valency. 

Thoi^h it seems evident that eventually the electron theory 
will be brought into close connection with chemistry through 
the common ground of physical properties, the time has not 
yet come for putting it to the test of experiment in the case 
of the cobaltammine compounds. We shall require to amass 
a very large quantity of experimental material in other branches 
before we can hope for experimental proof in this particular 
section of the subject. Our experimental methods in this field 
lag far behind the theoretical developments which we can 
foresee, and our hypotheses in this region must remain merely 
hypotheses for some time to come. 

Friend's views form in a way a bridge between the electronic 
view and the older and more purely chemical conceptions of 
valency. The only point to which objection might be taken 
is their application to the case of substances containing non- 
ionizable nitro-groups or sulphate radicles, for in these cases the 
formula would be somewhat complicated. The chief advantage 
of this explanation lies in the fact that it evades the assump- 
tion that a halogen atom directly attached to a cobalt atom 
does not become ionized in solution. 

Baker's views have the same advantages as Friend's ; but 
in this case also the nitro-groups and sulphate radicles compli- 
cate the formulse. 

Turning now to Werner's ideas, we have already mentioned 
some cases in which they do not fit the experimental results ; 
but the deficiencies of the so-called "Co-ordination theory" 
can easily be seen if we examine one of the simplest cases to 
which its inventor has applied it, viz. that of ammonium 
salts.^ Here we are asked to assume that the reaction between 
ammonia and an acid takes the following course : — 

HsN + H.I = HsN . . . H.I 

1 Werner, Armalen, 1902, 823, 261. 
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Now let us take the perfectly analogous case of the addition of 
an alkjl iodide to a substituted ammonia — 

El El 

B,— N + EJ = Ea— if . . . E.I 

Eq Eg 

According to this idea, the group E would be attached to the 
nitrogen atom in a fashion dififerent from that in which the 
other groups Ei, Es, and Eg are attached. This is, of course, 
quite absurd; for in that case we should get two isomeric 
compounds by starting in the one case from R2E3E . N and E^ I, 
and in the other case from E1E2E3 . N and B . I. The two end- 
products would be in these cases — 

El E 



^ 



Ej—N ...R.I Ej— N . . . Bi . I 

Eg Eg 

As was shown by Jones/ such isomers are not formed, the 
end-products being the same from each process. 

The only other assumption we could make is to suppose 
that in the ammonium salt all four groups E, Ei, E,, I^, are 
'* co-ordinated " with the nitrogen atom.* This leads us to the 
following conclusion. Since the groups Ei, E,, Es in the am- 
monium salt have the same properties as the same groups in 
the trinsubstituted ammonia N . E1E2E3, it is obvious that in 
the latter case they must be " co-ordinated " also. (The only 
other possible assumption is that a so-called " auxiliary valency " 
is the same as a "main valency.") But if they are "co- 
ordinated " to the nitrogen atom in the case of the molecule 
N • EiB^Es, that atom cannot be trivalent ; and so we shall 
have to throw over all the ideas upon which our present-day 
chemistry rests, merely for the sake of adopting Werner's 

» Jones, TrcMA., 1906, 87, 1721. 

* This new view (whioh, of oourse, olashes with the other) has been 
adyanoed by Werner in the second edition (1909) of his 'Ntuere Anschau/ungen, 
p. 211. It furnishes another example of the elasticity of the Wemerian 
hypothesis, and the ease with which it can be modified to get roimd a 
difficulty. 
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hypothesis. Of course it is quite possible that the difficulties 
mentioned above might be got round by means of elaborate 
supplementary postulates; but since in the end they get us 
no further forward than we can go with our ordinary assump- 
tion of change of valency from three to five, it seems un- 
necessary to take the long road when we can find a much 
more direct one. From the electro-chemical point of view, 
Arrhenius ^ has adduced further evidence, which, according to 
him, proves " the inadequacy of Werner's theory " of ammonium 
salts. 

Finally, we come to the Blomstrand-Jorgensen theory, 
which is based upon the old and well-tried theory of valency. 
As Jorgensen has shown,^ this theory can be brought into 
agreement with all the facts known up to the publication of 
his last paper on the subject. Since that time Werner has 
published his research on the dinitro-diethylenediammino 
compounds to which we referred in our last section, and there 
the matter rests. 

> Arrhenins, TheoneB of Chemistry, 1907, pp. 82-88, 88. 
* Jorgensen, Zeitich. anorg. Chem,, 1899, 19, 109. 
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CHAPTER X 



THE ELEMENTS OF THE RARE EARTHS 



1. Intboduotoby 

Ik the fourth column of the Periodic Table is a group of 
substances whose atomic weights lie between 180 and 130. 
These substances, together with scandium and yttrium, make 
up the greater part of what are termed the rare earths. These 
rare earths are found for the most part in the Scandinavian 
peninsula, but deposits have also been brought to Ught in the 
Ural Mountains, and in certain parts of America and AustraUa. 
It appears that rare earths are usually found among eruptive 
rather than among sedimentary deposits, and that they are most 
likely to occur in arohsean rooks, particularly in granite. 

The rare earths are chiefly made up of a series of basic 
oxides, but it is usual to divide them into three groups : the 
cerium group, the terbium group, and the ytterbium group. 
This division is somewhat arbitrary, for the rare earth elements 
appear to resemble each other very closely indeed, and we have 
really a single series of substances with properties changing 
slightly as we pass from member to member, rather than three 
groups whose properties differ sheurply from each other. StiU, 
for the sake of convenience, the following arrangement is 
usually employed : — 



Cerium group. 


TW1llllHI~gEQap. 


Ttterbtiim gionp. 


Clement. Atomic weight 
doandium . . 44*1 
yttriom . . 89-0 
TiftTithftn"^^^ . 189*0 
Cerium . 140-26 
PraBeodymium . 140*6 
Neodymium . 144-3 
Samarium . . 150*4 


Element. Atomic weight." 
Europium . 162*0 
Gadolinium . 167-3 
Terbium . . 169*2 


Element Atomic weight. 
DysproBium . 162*6 
^xolmium . ? 
Erbium . 167*4 
Thulium . 168*6 
Neo-Ytterbium . 172 
Luteoium . . 174 
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2. The Importai^ge of tue Bare Earths 

The group of the rare earths has very considerable im- 
portance, whether we look upon the question from the point of 
view of theory or from the practical standpoint. With the 
theoretical problems involved we shall deal in the final section 
of this chapter, so we need not enter here into the question of 
the position which must be assigned to these elements in the 
Periodic System. 

On the practical side, the rare earths were without any 
importance until a quarter of a century ago; but in 1884, Auer 
von Welsbach took out a patent in which the present-day 
incandescent gas mantle was foreshadowed, atid at once the 
question of the rare earths became a commercial one. At that 
time the known deposits were limited, both in extent and 
capacity, and it consequently became questionable whether 
the raw material for the manufacture of mantles could be 
produced at a price sufBciently low to allow of commercial 
success. Fortunately, large deposits of monazite sand were 
soon afterwards discovered in Carolina and in Brazil. These 
beds rendered it possible to obtain the rare earths comparatively 
cheaply, and the incandescent gas-lighting industry has grown 
upon diem. 

At this point the theoretical side has shared in the profit, 
for the mantle industry has produced vast quantities of bye- 
products which have been placed at the disposal of investigators, 
who would otherwise have been forced to work up the crude 
material for themselves at the cost of much time and labour. 
At the present day, these bye-products form one of the most 
fruitful sources in the investigation of the elements of the rare 
earth series. 



3. The Phtsigal Properties of the Bare Earth Elements 

Muthmann and Weiss ^ have carried out a comparison 
between some of the members of this group of substances, and 
have obtained the following results. 

As regards colour, lanthanum is a white metal similar to tin 

^ Mathmann and Weiss, AnmHen, 1904, 881, 1. 

N 
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in appearance; cerium is mther more like iron; neodyminm 
shows a faint tinge of yellow ; while praseodymium is more 
pronoimcedly yellow in tint. 

When the hardness of these elements is compared with that 
of lead, tin, and zinc, they lie in the following order : lead, tin, 
cerium, lanthanum, zinc, neodymium, praseodymium. Samarium 
is harder than any of the foregoing. 

The melting-points are shown in the following table. 
Aluminium melts at about 660^ C, and silver at about 960° C, 
which gives a rough standard of comparison — 

1C.P. 

Geriam 628^ 

Lanthanum SIO^ 

Neodymium 840P 

Praseodymium 940° 

The Specific gravities of the four substances are — 

Lapthanum 6'16 

Piaseodymium 6*48 

Neodymium 6-96 

Cerium 7*04 

Cerium, therefore, has about the same density as tin (7*3). 

By means of a Berthelot-Mahler calorimeter, Muthmann 
and Weiss investigated the heats of combustion of these 
substances, comparing them with aluminium and magnesium. 
The results are given in the table below : — 



One gxBmme 


giree 


Heats of formation per moleeale. 


M?. . 


. 5870-8 oal. 


2K: 


. 429-0 oal. 


Al . 


. 7140-0 „ 


. 886-6 „ 


Ge . 


. 1603-2 „ , 


IjCoO, 


. . 886-9 „ 


Pr . 


. 1466-8 „ ' 


Nio*, \ 


. 412-4 „ 


Nd . 


. 1(506-0 „ 


. 486-1 „ 


La . 


. 1602-1 „ 


i^o;. 


. 444-7 „ 



4. The General Chemical Character of the Kare EAftTH 

Elements 

The metals of the rare earths are comparatively reactive, 
and enter into direct combination with various elements. They 
bum in air, giving rise to oxides of the type McsOs; but in 
addition to this series, some of the metals can be converted 
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into oxides having the composition Me02. For example, cerium 
oxide of the formula CeaOs is unstable, the stable oxide being 
CeOfl. The corresponding oxide of praseodymiom has also been 
isolated, but it is much less stable than the cerium one. 
Terbium anid neodymium also yield higher oxides haviDg the 
compositions TbOs and NdOg. It is a curious fact that there 
are two forms of the oxides MegOs, one form being prepared by 
heating the nitrate of the metal, the other form being obtained 
by igniting the hydroxide. The two varieties are different in 
both physical and chemical properties. It appears likely that 
this case is parallel to that of the two forms of calcium oxide 
(unslaked lime and overburned lime) and to the two varieties 
of magnesium oxida The origin of the difference in properties 
very probably lies in the existence of two different polymeric 
forms of the oxides. 

The oxides of the rare earth metals are bases of medium 
strength ; the order of basicity appears to be the fbllowing, the 
strongest bases being placed first > 



La^O, 



I LKtOCO UOXXA^ pXSk\AHA AAXOV .*— 

)8, PraOa, NdaOa, CeaOa, YaOg, SmaOg, GdA, TbaOa, 
H02O3, EraOs, TmaOs, YbaOs. ScjOs, CeOj 

The behaviour of ignited lanthanum oxide resembles that of 
quicklime; it hisses when placed in contact with water, and 
absorbs carbon dioxide firom the air. The oxides of the 
ytterbium series are much less active in this respect. From 
the fact that their salts with strong acids are not measurably 
hydrolyzed even in dilute solution, it follows that the oxfdes of 
the cerium group are the strongest bases derived from trivalent 
elements. 

The rare earth metals combine directly with hydrogen and 
nitrogen as well as with oxygen. The hydrides have the 
general formula MeHa or MeHs, and are obtained either by 
passing hydrogen over the metals at 200"* C. to 300** C, or 
by the action of magnesium upon the metallic oxides in a 
stream of hydrogen. The nitrides are formed by the action 
of nitrogen upon the oxide in presence of magnesium, or 
from the carbides by the action of ammonia. They have the 
composition MeN. 

The carbides of the rare earth series have the general 



/ 



Digitized by 



Google 



i8o INORGANIC CHEMISTRY 

formula MeOa- They are produced by the electrolytic reduction 
of the oxides in presence of carbon. 

It is unnecessary for us to enter into details with regard to 
the salts of these metals. They present no special character- 
istics. The rare earth elements form salts with nearly all the 
ordinary organic and inorganic acids, and these salts possess to 
a great extent the ordinary properties of salts of strong bases. 

5. Methods of Pbbpabing and Pubipying the Rare Earths 

In the present section no attempt will be made to enter 
into any great detail in the description of the various methods 
employed to divide the rare earths from the minerals among 
which they occur, and to separate the elements of this group 
from one another. For these details the reader is referred to 
larger treatises.^ All that we can do in this place is to indicate 
briefly the main lines of the separations, choosing as far as 
possible the more characteristic of thesa 

There are four chief stages in the isolation of the rare earths 
from the deposits in which they occur naturally — 

A. The decomposition of the mineral and the isolation of 

the rare earth class. 

B. The conversion of the rare earth oxalates into soluble 

salts. 

C. The separation of the rare earth group into three sub- 

groups by means of double salt formation with 
potassium sulphate. 

D. The isolation of the various elements from the cerium, 

terbium, and ytterbium sub-groups. 
Section D we cannot enter into, as each element requires special 
methods for its treatment. We shall content ourselves with 
indicating in outline the principles underlying the methods 
actually employed. 

A. In nature, the rare earths occur among silicates, which 
are usually easily broken up by evaporating the ore to dryness 
with concentrated hydrochloric or sulphuric acid. The powdered 

^ Abegg, Uaindhwih d, anorgan. Chem., 1906, toI. ill. ; Moissan, TraiU de 
chimie minerdle, 1904, vol. iii. ; Dammer, JSandbuch d, cmorgcm, Chem,, 
vol. iii. (1898), voL iv. (1902) ; Browning, Introduction to the Rarer Elements 
(1909). 
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residue is then added to water, and any insoluble portion is 
filtered off. The solution now contains the rare earths in the 
form of chlorides or sulphates, and may also contain salts of 
copper, bismuth, molybdenum, and iron. Thorium also is often 
present. The solution is treated with sulphuretted hydrogen to 
precipitate the metals of the second group. This leaves us 
with the rare earth elements, iron, and thorium in the solution. 
After oxidation of the ferrous iron to ferric with dilorine, we 
add a little hydrochloric acid, and then precipitate the rare earth 
elements and thorium in the form of oxalates. 

B. Since the oxalates are insoluble substances, we must 
convert them into some other salts which we can get into solu- 
tion. This is usually done by one of three methods. The 
oxalates may be heated to form oxides, from which any required 
salt can be produced ; or we may simply dissolve the oxalates 
in hot nitric acid, and thus obtain the easily soluble nitrates ; 
or, finally, we may boil the oxalates for a considerable time with 
caustic potash solution, which gives us the hydroxides, and firom 
these we can produce any salt we may need. At this point we 
have to get rid of the thorium which still remains in the solu- 
tion. This is usually done by adding hydrogen peroxide to the 
nitrate solution ; after warming, a precipitate of thorium peroxide 
separates out and is filtered off. 

C. We have now to separate the rare earth salts into three 
main groups by means of double salt formation with potassium 
sulphate. It has been found that in this way we get the 
following classification : — 

1. Elements giving practiceilly insoluble double salts : 

Scandium, cerium, lanthanum, praseodymium, neo- 
dymium, didymium, and samarium. 

2. Elements giving soluble double salts : Europium, gado- 

linium, and terbium. 

3. Elements giving easily soluble double salts : Dysprosium, 

holmium, erbium, thulium, yttrium, ytterbium. 
Instead of potassium sulphate, sodium sulphate is sometimes 
used. 

D. When we come to the actual isolation of one element of 
the rare earth series from its companions, there are two chief 
methods which we may employ. The first of these depends 
upon the basicities of the different metals ; the second upon 
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the differences in the solubility of their salts. The former 
method is capable of subdivision ; for we may depend either 
upon a fractional precipitation of the salts by means of bases 
of different strengths, or we may reply upon a differential 
decomposition of the nitrates by means of heat. We must now 
give an outline of these methods. 

la. The principle underlying the method of fractional pre- 
cipitation is almost self-evident. If we take two substances X 
and Y in solution, and add to them a third substance Z which 
is capable of precipitating both X and Y, then if we add excess 
of Z, both X and Y will be completely deposited from the 
solution. If, on the other hand, we add a quantity of Z which 
is insufl5cient to precipitate the total quantity of X and Y present, 
it is clear that the amounts of X and Y precipitated will depend 
to a great extent upon their chemical behaviour with respect 
to Z. Suppose that Z is a base which is very much stronger 
than A, but only very little stronger than B. If we have one 
molecule of each body present, it is clear that Z will displace A 
from its salts rather than B. Consequently we shall have A 
precipitated and B left in solution. In the case of the rare 
earths, this method is employed, using such bases as ammonia, 
magnesia, caustic potash, caustic soda, or organic bases. In the 
first precipitation the substance is separated into two parts : 
precipitate and mother liquor. The precipitate is then redis- 
solved, and the proeess is repeated. The crystals resulting 
from the second fractional precipitation are once more dissolved 
and fractionally precipitated, and the process is continued until 
a pure substance is obtained. 

\b. The second method, depending upon the difference in 
basicity of the various members of the rare earth group, is 
carried out in the following manner. In the first place, the 
mixed oxalates are converted into nitrates in the usual way, 
and to this mixture is added some alkali nitrate in order to 
lower the melting-point of the whole mass. Thereafter the 
mixture is fused. It is then found that the nitrates decompose, 
and usually the most negative oxide separates out first. TMs 
is removed from the mass by solution, and the process repeated 
again and again as in the last case. 

2. The method depending upon the solubilities of the salts 
of the rare earths is simply a process of fractional crystallization. 
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The mixture of salts is dissolved in water, and the solution is 
then evaporated until about half the solid separates out. This 
is filtered off and dissolved in water, and the same process is 
repeated. At the same time the mother liquor is again 
evaporated till half its solute separates out, and the process is 
repeated a sufficient number of times. Where there are more 
than two elements present, it is usual to mix the fractions in 
the following manner. After the first crystallization, we have 
crystals (A) and mother liquor (B). In the second set of 
crystallizations, each of these gives rise to a set of crystals 
and a mother liquor. The crystals derived from the second 
crystallization of the mother liquor (B) are then mixed with the 
mother liquor derived from the tecrystallization of (A), and in 
this way a third set of fractions is produced which grow more 
^ — aad more rich in the salts whose solubilities lie between the 
two extremes. The scheme below will make the point clear 

Original solution 



More Bolnble Less soluble 

(mother liquor) (crystals) 

More soluble Less soluble More soluble Less soluble 

!_ _ ' — ' — ' I 

More soluble Less soluble More soluble Less soluble More soluble Leas soluble 

( ! __i _l_ l_ I 

I u u i_i i^^^i L^i I 

(f.) (11.) (in.) 

The brackets indicate that two fractions have been mixed 
together before recrystallization. 

A glance at the scheme will show that we are accumulating 
the more soluble salts at (L), the salts of intermediate 
solubility at (II,), and the least soluble salts at (III.)* 

The salts which have been found most useful in this method 
of separation are the chromate, sulphate, nitrate, oxalate, and 
formate. The metallic derivatives of acetylacetone have also 
been utilized. James ^ has recently discovered two methods by 
means of which rapid separations of the yttrium earths can 
be carried out. In the first of these, the rare earth oxalates 

» James, Chem. News, 1907, W, 181; 1908,97, 61, 206; J. Amer. Chem. 
Soc., 1907, 89, 495. ' See also Ibid,, 1908, 80, 979, for his general soheme of 
separation. 
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are dissolved by wanning them with a saturated solution of 
ammonium carbonate in dilute ammonia ; and the fractionation 
is carried out by simply boiling the solution until a precipitate 
is thrown down. If five fractions of approximately equal weight 
be obtained in this manner, the first contains yttrium, the second 
is mainly holmium and dysprosium, the third is a mixture of 
various elements, while the last two contain erbium. James' 
second method depends upon the fractionation of the bromates 
of the rare earths; he obtains these from the corresponding 
oxalates by treating the latter with sulphuric acid, and then 
with barium bromate. 

Now, let us suppose that we have carried out a series of 
fractional precipitations or crystallizations. The question at 
once arises : Have we carried the process to its end and secured 
the pure product we set out to obtain ? In order to answer 
this question, we must know whether or not we are altering the 
composition of our substance in the course of the fractionation. 
Thus quite early in the series of fractionations it becomes 
advisable to find out what change each successive operation 
produces in the substance under treatment. 

There are two methods by means of which we may settle the 
question. If we are gradually purifying a crude substance^ it 
is obvious that if, after each operation, we determine the 
equivalent of the metal (or the average equivalent of the 
mixture in the first case) we shall get a gradual approximation 
to the equivalent of the pure metal, as the fractions contain less 
and less impmity the further the process is continued. For 
example, if we start with a mixture of cerium and lanthanum, 
the equivalent of the mixture (if the two metals be present in 
equal proportions) will lie halfway between those of cerium 
and lanthanum. . As our fractions become richer and richer in 
cerium, the equivalent of the fraction will draw closer and closer 
to the cerium equivalent; and when the fraction contains 
nothing but cerium salt, we shall, of course, find the equivalent 
of cerium. This method is very rough at the best ; and when 
applied to the case of the rare earths it is unsatisfactory, owing 
to comparatively small differences between the equivalents of 
the various metals in the group. 

The second method, which is much more refined, consists in 
applying the spectroscope to the problem. Here we have a 
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considerable choice of procedure, for we may employ either 
absorption spectra or emission spectra, and in the latter class 
we have three different types : spark spectra, arc spectra, or 
phosphorescence spectra. The principle of the method is similar 
to that dealt with above. The spectrum of each set of fractions 
is examined, and purity is counted as attained when repeated 
fractionation fails to alter the spectrum. 

6. The Place of the Babe Eabth Elements in the 
Periodic System 

An examination of the form of the Periodic Table which is 
given in most text-books will show that the elements of the 
rare earths (excluding scandium and yttrium) lie just at a point 
in the tables where a considerable number of blank spaces occur : 
to the right of them lie eight gaps in columns V., VI., VII., 
and VIIL, while to the left of them are seven other blanks in 
the table, under xenon, c»sium, silver, barium, cadmium, 
lanthanum, and indium. If an attempt be made to fit the 
rare earth elements into the table in the usual way, it will be 
found that they cannot be arranged in any satisfactory manner. 
The problem of the position in the Periodic Table which must 
be assigned to these bodies is one of some complexity, and it is 
not astonishing that several investigators ^ have endeavoured to 
solve it. 

Up to the present time attempts have been made to arrive 
at a solution from three different points of view. In the first 
of these, it is assumed that the rare earth elements are all 
trivalent and can be placed in the third group of the Periodic 
System. The second view is based upon the arrangement of 
these elements (like the others in the system) in the order of 
their atomic weights, and under this classification they fall into 
Groups IV., v., VI., VII., and VIII. The third explanation is 
based upon the assumption that the elements of the rare earths 
form a bridge between lanthanum and tantalum ; and a further 
development of this idea by Crookes has led to a new conception 

> Brauner, Zeitseh. anorgan, Chem,, 1902, 82, 1 ; Verh, d. deutsch Natur- 
forscher u. Aert$U, 1899, 11., 181 ; Kefcgers, ZHL physikal. Chem., 1895, 16, 
661 ; Steele, Chem. News, 1901, 84, 245; BUtz, Ber., 1902, 86, 562; Reyohler, 
Lea thiories phyeico-cMmiqueSt 1903, p. 50; Budorf, Zeitsch. anorgan. Chem., 
1908, 87, 177. 
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of the nature of chemical elements. We shall take up these 
three main hypotheses in turn, and briefly review the evidence 
which bears upon each of them. 

The view that all the rare earth elements should be placed 
in the third column of the Periodic Table is one which has the 
major part of the practical evidence in its favour, though some 
facts cannot be brought into line with it. With the exception 
of cerium, the rare earth metals in their commonest forms appear 
to be trivalent, and on this ground they should occupy a 
position in the same group as scandium, yttrium, and lanthanum. 
Against this view we may urge the objection that there is no 
room for this series of substances in that position in our present 
Periodic System ; while the exclusion of cerium from the third 
group would produce a hiatus in the table which would very 
much diminish the symmetry which is its chief recommendation. 

If we suppose that these elements do not belong to the third 
group of the table, we have two other possibilities before us ; 
for we may assume that the rare earths are distributed through 
the table in the order of their atomic weights, just as the other 
elements are, or we may place them in a class by themselves, 
in which case we shall have to modify the Periodic Table in 
some way. 

Let us take the first of these possibilities and see to what 
conclusions it leads us. The point will be best understood if 
we compare two series, the fourth and the eighth in the table. 
The eighth series is, of course, arranged on the assumption that 
the elements are to be placed in the order of their atomic 
we^hts. 
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It is known that lanthanum, cerium, praseodymium, and so 
forth, have the faculty of forming oxides of the type B^Os, and 
to this extent they resemble the series scandium, . titanium, 
vanadium, etc. ; but if we are to push the analogy between the 
two groups to its full extent, we must be prepared to compare 
the higher oxides as well as the lower ones. In the last line of 
the table above, we have placed the highest type of oxide 
corresponding to each of the elements in the fourth series, and 
the question now arises : Have we any evidence of the occur- 
rence of analogous oxides in the case of the rare earth elements 
which we have placed in the eighth series ? As Brauner ^ has 
pointed out, the problem is complicated by the occurrence of 
two different types of peroxides (Schonbein's ozonides and 
antozonides). The "ozonides" or polyoxides contain their 
oxygen in the form of atoms doubly linked to the metal or 
bridging the gap ^between two metals : — 

J^ % /^ 



hf O^Mn— 0— Mn=0 

^0 0^ ^0 



while the superoxides or "antozonides" contain the group 
_0— 0— 



i_0 K— 0— yO 

i_6 K-0— ^0 



The difference between the two is best seen in their behaviour 
towards dilute acid. The polyoxide is not usually attacked by 
dilute acid, and when it is attacked the products are oxygen 
and water in addition to the salt of the acid used ; the super- 
oxide, on the other hand, yields hydrogen peroxide. It is 
clear that evidence as to the valency of the metal deduced 
from an examination of its peroxide can be relevant only if we 
are dealing with a polyoxida The superoxide type throws no 
certain light upon the point. 

Unfortunately, in the case of the rare earth series, the pro- 
perties of the peroxides are but little known at the present day, 
and consequently we are without definite evidence with regard 
to their constitution. Until we know with certainty whether a 

* Brauner, Zeit anorgan, Chem,, 1902, 8S, 1. 
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given peroxide is a member of the superoxide or the polyoxide 
class, we cannot lay much stress upon any deductions with 
regard to valency which we may base upon this particular 
substance. 

From the results of his researches, Brauner has come to the 
conclusion that there is not sufficient evidence to allow the 
assumption that praseodymium, neodymium, and their followers 
yield the same type of peroxides as is formed by vanadium, 
chromium, etc. 

Again, the properties of the rare earth elements do not lie 
halfway between those which would lie above and below them 
in the columns in which we have placed them. One example 
will suffice. It will be remembered that the specific gravity of 
any element in a group of the Periodic Table usually approxi- 
mates to the mean of those above and below it, but when we 
compare neodymium's specific gravity and colour with those of 
molybdenum and tungsten, between which it would lie if this 
arrangement of the table were correct, we find that the rule 
does not hold. 
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Colonr. 


Molybdenuin . 
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Neodymium . 


6-96 


YeUow 
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In the case of the otiier metals, such as those lying in the 
eighth group, the resemblance of the rare earth element to its 
neighbours is even less apparent. 

It therefore seems doubtful whether this view of the place 
of these bodies in the Periodic System can be maintained, and 
it seems most probable that as our knowledge of the group 
increases we shall be less inclined to adopt this form of classifi- 
cation. There remains still to be considered the question of 
placing these substances in a class by themselves. 

Brauner has suggested that since, in the ordinary Periodic 
Table, there is no room for us to arrange the rare earth group, 
we must expand the table into a three-dimensional figura On 
this assumption, cerium and its followers would form a hori- 
zontal bridge between two vertical planes containing the other 
elements, or they would be arranged upon a plane perpendicular 
to those containing the other elements. The table on p. 189 
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shows Brauner's arrangement/ the part printed in heavy type 
being supposed to lie perpendicular to the plane of the paper, 
while the section containing tungsten and its successors is 
supposed to lie above and parallel to the plane of the page. 
The table has been modified from Brauner's in order to bring it 
into line with the 1909 Table of Atomic Weights. 

In his Presidential Address to the Chemical Society in 1888, 
Crookes* put forward a view of the rare earths which now, 
after twenty years, seems capable of throwing very considerable 
light upon researches which have been carried out in other 
branches of chemistry since it was published, while its applica- 
bility to the rare earth problem has become even stronger than 
ever. Without extensive quotation it would be impossible to 
do justice to Grookes' conceptions, but the following summary 
will show the general trend of the argument as far as it concerns 
the rare earths. 

Crookes introduced into chemistry the conception that what 
we are accustomed to treat as elements are not really homo- 
geneous bodies, but are to be regarded rather as aggregates of 
particles which differ from each other to some extent, though 
when taken in large groups their mean characteristics corre- 
spond to those of our so-called elements. We may make this 
clear by a concrete example. Suppose that we had a crowd of 
men of different nationalities, British, Japanese, Negroes, and 
Polynesians. If we were asked to classify these, we should 
have no diflSculty in separating them into four different groups, 
and in the mass each group would show its distinct racial 
characteristics. But if we then examined the members of each 
group, we should find that each individual differed to some 
extent from his neighbour. In the British group the native of 
Devonshire would differ from the Cockney and from the York- 
shireman, and yet we should have no doubt about his nation- 
ality. Crookes applied similar ideas to chemical elements, and 
suggested that up to the present time we have only got to the 
stage of separating particles into chemical nations. 

Let us carry the analogy a stage further. Let us suppose 

^ Beamier, ZeiL anorgan, Chem,, 1902, 82, 18. 

* Orookes, Trans,, 1888, 53, 487 ; Bee also Trans., 1889, 55, 267 ff. The 
reader is reoommended to consult these papers, the first of which is fuU of 
yery valuable and striking views. 
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that the British group of men represents the rare earth family of 
elements. Just as the elements of this class resemble each other 
much more closely than chlorine resembles bromine, so the 
Devonshire member of the British group will be more like the 
Yorkshireman than a Japanese is like a negro. Crookes thus 
introduces a new class of bodies, which he terms ''meta- 
elements." These meta-elements resemble each other very 
closely, much more closely than one ordinary element resembles 
another; they have many properties in common, and the 
separation of the meta-elements from each other is much more 
difficult than the separation of two ordinary elements. This, 
on Crookes' view, is due to the fact that in the meta-element 
the particles do not resemble each other as individuals to the 
same extent as is the case in the ordinary elements. In the 
case of chlorine, the fiEU3tor which we ccdl atomic weight is 
represented by the figure 35*5. Here the great bulk of the 
component atoms may be supposed to have this atomic weight ; 
a small percentage may vary from this figure to the extent of a 
decimal place, while a few others may stray as much as a whole 
number or two on one side or other of the mean. The ultimate 
atoms whose factor is not exactly 35*5, but a little higher or 
lower than 35*5, will congregate round the 35'5 nucleus, 
forming a group whose average value will be 35*5. In like 
manner^ similar groups will be formed having the average 
factors 80 and 127, while the intermediate spaces will be 
cleared, the ultimate atoms which occupied these spaces being 
attracted to the chlorine, bromine, and iodine groupings. These 
groupings represent what we call elements, but Crookes con- 
jectures that they may possibly consist of an element and a 
certain number of meta-elements, or that they may each be 
formed of a whole group of meta-elements, none of which 
clearly preponderates over the remainder. 

One final analogy may help to make the matter clearer. If 
we suppose that the grouping of our chemical matter is to some 
extent analogous to the grouping of the heavenly bodies, we 
should draw a parallel between what we call elements and what 
we call fixed stars, while meta-elements would correspond to 
the nebulffi. Just as in a' nebula we can have nuclei which 
will eventually become condensation points for the formation of 
fixed stars, so in the meta-elements we find kernels which 
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resemble ordinary chemical elements to a certain extent, yet 
which do not show the clean-cut distinctions which we are 
accustomed to imagine existing between elements. Thus the 
rare earth group of elements may be regarded as an ill-defined 
cluster of meta-elements which resemble each other in character, 
but which for some reason have not coalesced to form a real 
element. 
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CHAPTER XI 

THE INACTIVE GASES 

1. Historical^ 

In 1893 the Periodic Table of the elements remained very much 
in the fonn which it had taken under the hand of Mendel^ff a 
quarter of a century earlier. Here and there a new element 
had been discovered, and had taken its place in one of the gaps 
of the original table; eka-boron (scandium), eka-aluminium 
(gallium), and eka-silicon (germanium), whose general proper- 
ties were forecast by Mendel^fif, had been isolated and found 
to correspond closely to the descriptions which had been 
theoretically deduced from their position in the Periodic 
System. But the Table of 1893 contained exactly the same 
number of spaces as that of 1869, and no one could then have 
foreseen that in less than half a decade five new elements 
would be discovered, whose recognition would necessitate the 
addition to the Periodic System of a new column, and whose 
properties would be so strange as to differentiate them entirely 
from any class of elements hitherto isolated. The first of 
these was argon. 

It appears that ai^on had actually been isolated over a 
century before it was recognized as a new element. Cavendish, 
in the course of his researches, had passed electric sparks 
through air, and, by means of alkalis, had absorbed the oxides 
of nitrogen thus formed. In this way he obtained as a residue 
a small bubble of gas which appeared to be unaltered by 
further sparking. The quantity of substance which Cavendish 
obtained was too small to allow him to make any experiments 

> The material for this section was derived from Sir William Bamsay's 
lecture, ** Die edlen und die radioaktiven Oase ** (1908). See also Bamsay, 
The Gases of the Atmosphere; Travers, The Study of Oases; and Bamsay 
and Trayers, ** Argon and its Companions," Phil Trcms,, 1901, 197 A., 47. 
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with it ; and when we remember that, even to produce this 
small amount, it had been necessary for him and his assistant 
to spend three weeks in turning the handle of a frictional 
electrical machine, it is not to be wondered that the experiment 
was not repeated on a larger scale. Cavendish's experiment 
passed out of the recollection of the majority of chemists, and 
it was only after argon had been isolated that any attention 
was paid to it. 

In the year 1894 Lord Rayleigh was engaged in an 
examination of the densities of various elementary gases, and 
in the course of this work he had occasion to measure the 
density of nitrogen obtained from two sources. In the one 
case, he took air and extracted from it carbon dioxide and 
other impurities, then removed the oxygen, leaving behind 
atmospheric nitrogen. His other samples of nitrogen were 
produced from nitric acid or from ammonia. When he came 
to weigh a litre of the nitrogen prepared in these two ways, he 
found that instead of getting identical results he appeared to 
have bodies of different densities, as the following figures 
show : — 

1 Utre of atmospheric nitrogen weighed 1*2571 grms. 

„ chemically prepared nitrogen weighed 1*2507 grms. 

Atmospheric nitrogen was thus 0*0064 gramme per litre 
heavier than nitrogen derived from pure chemicals. 

Rayleigh was inclined to believe that his results could best 
be explained on the assumption that nitrogen existed in two 
allotropic forms ; so that in the one case he had the ordinary 
diatomic molecule, while in the other the molecule contained 
a higher number of atoms. The two gases would then differ 
from each other as oxygen differs from ozone. 

Ramsay, on the other hand^ attributed the higher density of 
the atmospheric nitrogen to the presence in the weighed portion 
of some hitherto unknown heavier element To settle the 
question, experiments were carried out by the two investigators, 
each working according to a different method. 

In the course of one of his lecture experiments before his 
class, Ramsay had observed that when magnesium is burned in 
a limited supply of air it combines with nitrogen ; for he found 
that the solid which was left behind after the conclusion of 
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the experiment had a strong odour of ammonia. He decided 
that this property of magnesium would serve the purpose in 
view ; and accordingly he and Williams began a series of 
experiments, in which atmospheric nitrogen was passed and 
repassed across heated magnesium. The gas was weighed 
between each set of experiments, and it was found that its 
density gradually increased as more and more nitrogen was 
absorbed by the magnesium. When it passed 16, it became 
clear that definite results had been obtained, for oxygen was 
the only possible known impurity. The density of the residue, 
however, still continued to increase as the gas was passed more 
and more frequently across the magnesium; it rose to 17*5, 
when all doubt as to the existence of a new gas was excluded ; 
finally it rose to 19, and there remained constant. 

By this process no less than about 100 c.c. of the new 
gas was obtained ; and an examination of its spectrum showed 
that hitherto unknown lines in the green and red were present 
in it. 

In the mean time Bayleigh had been at work independently, 
and, by employing Cavendish's method with modern apparatus, 
had produced about a quarter of a cubic centimetre of the 
same gas. By diffusion experiments, he proved that the new 
gas was present in greatest quantity in the less diffusible 
portions of air, so that it evidently was a comparatively dense 
substance. 

It now remained to ascertain whether the new gas was an 
element or a compound. Bamsay determined the ratio of the 
specific heats of the gas at constant pressure and constant 
volume, finding 1*66 as a result. This coincides with the 
corresponding value for a mon atomic gas, such as mercury. 
Obviously, then, the new gas was monatomic. But if it were 
monatomic it must be elementary, as we cannot have a 
monatomic compound. In this way it was shown that a new 
element had been discovered. 

The fact that the new element did not combine with either 
magnesium or oxygen had been proved in the course of its 
isolation, and it was thus made clear that it was chemically 
very inert. In view of this, its discoverers proposed to name 
it argon (from avipyov, actionless). 

About this time, Hillebrand had been engaged in analyzing 
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various minerals, and had noticed that those which contained 
uranium, when they were dissolved in acid, gave off a gas 
which had a spectrum slightly different from that of nitrogen. 
Not being thoroughly certain of his spectroscopic results, 
Hillebrand, in his publications, described the gas simply as 
nitrogen. Ramsay, being naturally on the look-out for any 
peculiar sources of nitrogen in nature, procured some of the 
mineral in question — cleveite — ^and on boiling with sulphuric 
acid it was found to yield a gas. Bamsay proceeded to 
compare the spectrum of this gas with that of argon, and 
found that in the spectrum of the cleveite gas there was a 
brilliant yellow line, which he attributed to sodium. Close 
comparison, however, showed that the yellow line of sodium 
and that of the cleveite gas did not exactly correspond when 
they were brought into the field of a comparison spectroscope.. 
Bamsay was at first inclined to believe that the instrument 
was at faulty and, in order to satisfy himself on the point, 
took his spectroscope to pieces and rebuilt it. Still the two 
lines could not be brought into correspondence, and he was 
driven to the conclusion that he was dealing with a second 
new gas. 

An investigation of the properties of the cleveite gas was 
then made, and it was found that its density was only twice 
that of hydrogen, so that the gas was the second lightest in 
existence. It was discovered that the spectrum of the 
gas was already known, having been observed in the chromo- 
sphere of the sun during a total eclipse. The gas from cleveite, 
therefore, was identical with the substance previously known to 
exist in the sun (and hence termed helium), though previous to 
Ramsay's work it had been supposed that it was confined to the 
sun, and non-existent on the earth. 

An examination of the properties of helium and argon 
showed that they belonged to the same class of elements. 
Both were monatomic gases, both were inert as far as chemical 
properties were concerned. Neither of them could be fitted 
into the old Periodic Table. Obviously, then, the Periodic 
System must be modified, in order to find a place for these 
new elements. A new column was therefore inserted in the 
table, and helium was placed alongside lithium, xwhile argon 
fell into position to the left of potassium. 
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He 
4 


Li 

7 


Be 
9 


[20) 


Na 
23 


Mg 
24 


A 

40 


K 
39 


Ca 
40 



But this left a gap between argon and helium, which should 
have been occupied by some element with an atomic weight of 
' about twenty. Samsay and Travers began an examination of 
all sorts of natural sources, with a view to finding this element 
if it existed. They examined seven meteorites, a score of 
mineral waters, and about a hundred and fifty minerals, but 
without success. They also recovered the nitrogen from the 
magnesium nitride which had been formed in the preparation 
of argon, in the hope that along with it they might be able to 
detect traces of another gas. Here, also, they were unsuccessful. 

About this time liquid air emerged from the stage of being 
a curiosity, and became obtainable in practical quantities. 
Bamsay and his assistants evaporated a small quantity of 
liquid air ; took the fraction which was last to evaporate ; and, 
after freeing it from nitrogen and oxygen in the usual manner, 
they examined its spectrum, and found two new bright lines, 
one in the green, the other in the yellow, which were hitherto 
unknown. The density of the gas was investigated, and found 
to be 22'5. It was therefore higher than that of argon (20), 
which showed that yet another new gas had been detected. 
This substance was krypton (icpvirroc. hidden). 

Fractional distOlation of crude liquid argon resulted in the 
discovery of still another new element, neon. 

Since the neon which had been obtained was mixed with 
helium, it now became necessary to use liquid hydrogen instead 
of liquid air in the fractionation process. At that time liquid 
hydrogen had been obtained by Olszewski, but merely traces of 
it had resulted from his experiments. It had been produced in 
quantity by Dewar, but he had retained the secret of his process 
of manufacturing it, so that his method was not available. 
Eamsay and his collaborators were thus thrown upon their 
own resources in the matter. 



Digiti 



zed by Google 



198 INORGANIC CHEMISTRY 

Travers and Holding therefore devised and constructed, in 
the laboratory at University College, London, a new machine 
based upon the Hampson principle, and upon its first trial a 
few months later this apparatus produced no less than 80 c.c. of 
liquid hydrogen. A mixture of impure neon and helium from 
the air was now passed into a flask cooled with this liquid 
hydrogen, and it was found that the helium remained unU- 
quefied, while the neon became solid. The helium was pumped 
off, and the solidified neon was gradually warmed. An ex- 
amination of its density when purified showed that it had an 
atomic weight of twenty, agreeing with the previous results. 
The left-hand portion of the Periodic Table then appeared 
as follows : — 



He 
4 


Li 

7 


Be 
9 


Ne 
20 


Na 
23 


Mg 
24 


A 
40 


K 

39 


Ca 
40 


Kr 

82 


Eb 

85 


Sr 
87 


•• 


Cs 
123 


Ba 

137 



The next set of experiments was carried out upon residues 
of liquid air which had been obtained in the course of attempts 
to separate neon from argon by the older process. A long 
series of fractionations resulted in the separation of krypton 
from argon, argon being pumped off from the krypton. When 
the krypton was allowed to become warm, after all the argon 
had been removed, it was observed that some bubbles of gas, 
apparently not krypton, still remained in the flask. These 
were collected, and on examination it was found that their 
spectrum was new. In this way the element xenon was dis- 
covered. This substance has an atomic weight of 128, and 
therefore fits into the above table at the point marked ( — ). 

At that time the elements occupying the positions marked 
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with the double and treble asterisk were not known ; we shall 
deal with them in a later chapter. 

2. Helium 

It has already been mentioned that the helium spectrum 
had been observed long before the element had been isolated 
by Bamsay. In the total solar eclipse of August 18, 1868, 
several astronomers noticed that the spectrum of the solar pro- 
tuberances contained a brilliant yellow line which lies near the 
D line of sodium. Lockyer ^ attributed this new line to a new 
element which he termed helium. In 1882, Palmieri ^ noticed 
the same line in the spectra of some eruption products of 
Vesuvius. 

Helium is found in nature, though in very small quantity, 
in some minerals such as brdggerite, fergusonite, cleveite, and 
meteoric iron ; it has been detected also in the waters of certain 
mineral springs, some of which contain quite a high percentage 
of the gas. It is also present, thoi^h in very small quantities, 
in the atmosphere. 

It is a colourless, tasteless gas, very slightly soluble in water, 
alcohol, or benzene. It is the least refracting of all gases. 
The weight of a normal litre of helium is given by Watson ^ as 
^^782 grammes. 

Up to 1908 helium resisted all attempts to liquefy it, but 
in that year Onnes * was successful in his attempt, and liquid 
helium was obtained. It is a colourless liquid with a very 
slight capillarity, density 0154, boiling-point 4*5° absolute; 
the relation between its specific gravity and vapour density is 
11*1, so that the critical temperature is not over 5° absolute, 
and the critical pressure not much above 2*3 atmospheres. 
Solid helium heus not yet been produced. 

No compounds of helium are known. Cooke ^ investigated 
the vapour-densities of various elements in helium and argon 

» Lockyer, Froc, Bay. Soc., 1868, 16, 91. 

* Palmieri, B. Accad, Napoli, 1882, SO, 283. 

* Watson, Trans.y 1910, 97, 832 ; see also Bamsay and Collie, Proc, Boy. 
Soc., 1896, 60, 206 ; Bamsay and Travers, ibid., 1897, 68, 316. 

* Onnes, Compt. rend., 1908, 147, 421. 

* Cooke, Proc. Boy. Soc., 1906, 77, A., 148. 
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at temperatures ranging from 1200® to 1300° C, with a view to 
finding whether normal or abnormal values were thus obtained. 
As a comparison, the vapour densities of the same series of 
elements were determined in hydrogen and nitrogen. Zinc, 
cadmium, mercury, sulphur, selenium, and arsenic were thus 
examined, and it was found that the density of cadmium in 
helium is much higher than in hydrogen, which may point to 
the formation of a compound of helium with cadmium. 

Collie^ has observed a most peculiar phenomenon in the 
spectrum of helium when it is mixed with mercury vapour. If 
we take a tube containing helium under two to five millimetres 
pressure, and bring into it some mercury vapour, we shall find 
that the helium spectrum becomes greatly simplified, some of 
its lines disappearing, while others become fainter. On the 
other hand, one of the mercury lines which is usually absent 
from the spectrum of mercury in vacuum tubes appears here 
very strongly. This line does not make its appearance in 
tubes filled with hydrogen, argon, or krypton. If the vacuum 
tube containing helium has a capillary portion with a bore of 
four millimetres^ it is found that only one of the helium lines 
(green, 4922) appears in addition to the mercury ones. 



3. Neon 

The method of preparing neon has already been mentioned 
in the first section of the present chapter, so we need not again 
go into details with regard to it. The element is a colourless, 
odourless gas, a normal litre of which weighs 0-9002 ± 0*0003 
gramme.^ Its spectrum is of a peculiar tinge between rose 
and orange, and this is very brilliant. Like the other gases of 
this group, neon forms no compounds with other elements. 

The most useful property of neon is its power of lumine- 
scence under the influence of Hertz waves. If we take a highly 
exhausted tube of neon and place it across two metallic con- 
ductors along which we pass a series of Hertz waves, we shall 
be able to detect the positions of nodes and loops in the waves 
by simply running the neon tube along the conductors. When 

» OoUie, Proc. Boy, Soc,, 1902, 71, 25. 
« Watson, Trans., 1910, 97, 832. 
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it reaches a loop the tube glows brilliantly, almost as if it 
were being excited by an induction coil ; while at the nodes of 
the electric vibrations it remains dark. Of course other gases, 
such as carbon dioxide, will behave in a similar manner ; but 
neon is much more sensitive than any other gas. 

Collie has made a curious observation with tubes con- 
taining neon. If we evacuate a glass tube containing some 
mercury, and then fill it with neon, either at atmospheric 
pressure or below it, we shall find, after sealing the tube, 
that if we run the mercury up and down the inclined tube 
the neon will glow just as if a faint Hertz wave were being 
passed across it. If for a glass tube we substitute a siHca 
one, we can boil the mercury (if the neon's pressure be 
sufficiently low), and in this case we get a beautiful greenish- 
white illumination extending through the upper portion of the 
tube. 



4 Argon 

The atmosphere contains about one per cent, of argon, which 
can be extracted from it in the way we have already described 
in the first section of this chapter. The gas is also found in 
the waters of many mineral springs. 

Like the other elements of this group which we have 
described, argon is a colourless, odourless, and tasteless gas. 
Its density is 19'96. A normal litre of argon weighs 1-7809 
grammes ; ^ the solubility of the gas in water lies between those 
of oxygen and nitrogen. The argon spectrum is red-orange in 
colour, duller than that of neon. 

At a temperature of — 186'1° C, argon is a liquid which 
yields a solid of melting-point — 187*9° C. The solid is a clear 
mass, which on further cooling becomes opaque.^ According to 
Crommelin ^ the critical pressure of argon is 47*996 atmospheres 
and the critical temperature is -* 122'44^ 

Chemically, argon is inert. Troost and Ouvrard ^ state that 

» Watson, Tron*., 1910, 07, 836. 

• Ramsay and Travers, ^roc. Bay. Soc., 1898, 64, 186; 67, 329 ; Olszewski, 
Phil. Trans., 1896, 186, L, 233. 

» Orommelin, Proc. K. Akad. Wetensch. Amsterdam, 1910, 18, 64. 

* Troost and Ouvrard, Compt. rend,, 1895, 121, 894. 
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they have succeeded in combining it with magnesium vapour ; 
but neither its discoverers nor Moissan ^ were able to form a 
compound of argon with any other element, even fluorine failing 
to attack it when the two gases were sparked together. Cooke * 
observed that the vapour density of zinc is higher in argon 
than in nitrogen, which possibly points to the formation of a 
compound between the argon and the zinc. 

5. Krypton and Xknon 

Very little indeed is known beyond the physical properties 
of these bodies. Both are colourless and odourless gases. The 
spectrum of krypton is a pale violet, while that of xenon is 
sky-blue. Both gases have been liquefied, krypton boiling at 
121-3^ Abs., and xenon at 163-9° Abs , under 760 mm. The 
weight of a normal litre in the case of krypton is 3*708 
grammes, and in the case of xenon 5*851 grammes.^ No com- 
pounds of these elements have been prepared. 

The amounts of these two gases which Bamsay and Travers ^ 
obtained at the time of their discovery were very small : about 
22 C.C. of krypton and 3 cc. of xenon were isolated. Later, 
Eamsay * from 1911 kilogrammes of air extracted 0*87 cc. of 
xenon. This showed that if any gases of higher atomic weight 
than xenon were present in the atmosphere (presumably in 
still smaller quantities than the other rare gases), their detection 
would necessitate the examination of very large quantities of 
air. Moore ^ has fractionated the residues of no less than a 
hundred and twenty tons of liquid air furnished by the ** Societe 
Air Liquide/' but he has obtained no trace of any gas other than 
those already known. Since, by the methods which he em- 
ployed, it would have been possible to detect at least 0*03 cc. 
of any new gas, it follows that in the hundred tons of air 
used there cannot have beeti more than one part in 2,560,000,000 
by volume of an unknown gas, should such a body exist at all. 

* Moissan, CompL rend., 1895, 190, 966. 

« Cooke, Proc. Boy, 8oc., 1906, 77 A., 148. 
' Watson, Trans,, 1910, 97, 836. 

* Ramsay and Travers, Phil, Trans., 1901, 197 A., 47. * 
» Ramsay, Proc, lU/y. Soc, 1908, 71, 421. 

' Moore, Proc. Roy. Soc., 1908, 81 A., 196. 
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CHAPTER XII 

THE RADIOACTIVE ELEMENTS 

1. Historical 

Within the present generation, we have seen two movements 
in chemical science which are almost unparalleled in the previous 
history of the subject. The first of these movements culminated 
in the decade commencing with 1887. In this year the modem 
theory of solutions was founded by Arrhenius and van't Hoflf, 
and from this basis the science of physical chemistry began to 
rise with almost unexampled rapidity. The Zdisckrift fur 
physikaliache GJiemie, first published in 1887, very soon found 
companions in English and French, and a period of feverish 
activity in physico-chemical research was opened. To some 
extent, this wave appears to have spent its force. At the 
present day, physical chemistry, except in the hands of a few 
exceptional researchers, has degenerated into a means of 
attacking the problems of pure chemistry instead of opening up 
new fields; and consequently there is a certain tendency to 
decry the subject as a mere means to an end, and not a living 
branch of science. This is, perhaps, an exaggerated view ; but 
it cannot be denied that physical chemists of the present day 
are not animated by the high hopes which seem to have 
inspired Ostwald and others in the earlier days of the subject.* 
It is, therefore, an extremely fortunate coincidence that as the 
first movement declined, a second and perhaps more powerful 

* Against this it is only fair to quote the views of Bancroft (J, Physical 
Chem., 1910, 14, 485). " While there is some truth in this criticism, it is due 
to the fact that many physical chemists are still interested only in * the high 
hopes which seem to have inspired Ostwald and others in the earlier days of 
the subject.' The difficulty is that most people are stiU struggling xmder the 
limitations imposed deliberately and consciously by Ostwald. Once these are 
broken through, nobody will have any cause to complain of the wave having 
spent its force." 
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one has succeeded it. This second movement rose with even 
greater rapidity than pure physical chemistry, and yet at the 
present day we appear to have touched only the fringe of the 
subject of radioactivity ; so that we may look forward to a long 
career of fruitful investigation still before us in this department 
of chemistry. We must now trace briefly the history of the 
earlier days of this branch. 

In 1895, Bontgen showed that when cathode rays impinged 
upon the end of a vacuum tube they gave rise to a green 
luminescent patch, from which was projected a series of ray^ — 
the X-rays. From the phosphorescence of the Crookes tube to 
the green phosphorescence of certain minerals is only a short 
step, and in 1896 Becquerel began an investigation of the latter 
phenomenon. He found that crystals of potassium uranium 
sulphate had the property of affecting a sensitive photographic 
plate (wrapped in black paper) in exactly the same way as it 
would have been affected by an X-ray discharge. The experiment 
led to the discovery of what are now called the Becquerel rays. 

These radiations are invisible to the eye, just as the X-rays 
are. They are given off by metallic uranium, and also by 
uranium salts. Like the X-rays, they can pstss through thin 
sheets of glass or metal ; and a further resemblance is to be 
found in the fact that neither set of rays can be refracted. 
Again, the Bontgen rays have the property of ionizing gases 
through which they are passed ; and it has been found that in 
this instance also, the Becquerel rays resemble the others, 
though their action is much more feeble. If we charge 
the leaves of a well-insulated electroscope they will remain 
separated for a very considerable time, owing to the fact that 
ordinary dry air is a poor conductor of electricity ; but if we 
bring a piece of uranium near the electroscope, the Becquerel 
rays which are given off from the metal at once ionize the 
air, making it a better conductor of electricity, and thus the 
leaves of the electroscope fall together much more rapidly than 
they did before the uranium was brought near them. We thus 
have a method of determining the activity of any particular 
sample of uranium; for we need only measure the rapidity 
with which an electroscope is discharged when the sample is 
placed in its vicinity. If the uranium is sending out many 
Becquerel rays, the electroscope leaves will soon fall together ; 
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if the Beoquerel rays are few, the instrument will be very 
slowly discharged. 

It would naturally be concluded, from the above evidence, 
that the Becquerel rays and the Eontgen rays were identical. 
As a matter of fact, however, they are not so. We need not go 
into details here, as the matter will be dealt with in the next 
chapter. 

Soon after Becquerel's work on uranium and its salts, 
Schmidt discovered that thorium also had radioactive properties ; 
and since that time various other elements have been described 
which belong to the same class. Of these the most important 
is radium. 

We need not continue the history of the subject further 
in this section. The present chapter will be devoted to a 
discussion of the various radioactive metals. In the following 
chapter, some account will be given of the changes which these 
bodies spontaneously undergo. The final chapter of the volume 
will contain a description of the gases which are evolved during 
radioactive change. Of course, in the space at our disposal, no 
attempt can be made to treat the subject in great detail. The 
properties of radium and its derivatives will be taken as typical 
and described at some length, while the allied substances will 
be dealt with very briefly. 



2. Radium 

In this and the succeeding sections we shall attempt to 
give an outline of the properties of the various radioactive sub- 
stances. To enter fully into the physical side of the question 
would carry us beyond the limits of the present volume ; so, as 
far as possible, the subject will be treated from the point of 
view of chemistry, and the physical part of the subject will be 
dealt with only in so far as it aids the comprehension of the 
purely chemical side. 

In the introductory section of this chapter, attention was 
called to the fact that uranium salts throw off radiations which 
affect photographic plates just as the X-rays do. Now, uranium 
compounds are found naturally in the mineral pitchblende, which 
occurs usually (like the rare earths) in igneous rocks such as 
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granite. Madame Curie/ in the course of an examination of 
a great number of naturally occurring substances, discovered 
that in some cases the natural ore was much more radioactive 
than the amount of uranium salt contained in it would lead us to 
expect. For example, pitchblendes are about four times as 
active as metallic uranium ; chalcolite (a double phosphate of 
uranium and copper) is twice as active as uranium. Further, 
when Madame Curie prepared artificial chalcolite, she fonnd 
that instead of being more active than metallic uranium, it was 
two and a half times less active. This proves conclusively that 
the activity of the natural chalcolite was not due entirely to 
the uranium contsdned in it, but must be attributed to the 
presence in the natural ore of some substance not found in the 
synthetic product. 

Having thus established the presence of a new body in 
pitchblende and other minerals, the question of extraction 
then arose. It was easy to carry out an ordinary analysis, and 
to determine by measurements with an electroscope whether 
the activity was a property of the filtrate or of the precipitate. 
We need not enter into any details with regard to the 
method of analysis employed. The opposite table gives a 
rough idea of the series of operations which must be gone 
through before we can obtain a mixture consisting of radium 
chloride with barium chloride. 

Having in this way obtained a mixture of the bromides of 
radium and barium, it is necessary to separate them from each 
other. This is done by fractional crystallization, either from 
aqueous solution or from a solution of the salts in water 
acidified with hydrobromic acid. The latter is the better 
method of the two. It is possible to employ the method of 
fractional precipitation instead of crystallization, the mixed 
salts being thrown down from an aqueous solution by means of 
alcohol. In either case, the radium bromide is less soluble than 
the barium salt. 

The radium salts which are obtained in this way resemble 
the corresponding barium compounds in many respects. 
Eadium chloride is isomorphous with barium chloride, and the 

^ Thesis presented to the Faculty des Sciences, Paris ; see Chtm» News^ 
1903, 88, 86, 97, 134, 145, 159, 169, 175, 187, 199, 211, 223, 236, 247, 269, 271. 
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Ore 

Boast with Na,GO, 

Wash with H,0 and dilute H,SO« 



I I 

Solution Residue* 
contains | 

uranium Treat with boiling NaOH 

Wash away Na,SO^, PbSO*, SrSO, 

Besiduo 

Treat with HCl 

I 

Solution Residue 

Treat with H,S Treat with boiling Na^GO, solution 
Polonium pptd. Wash out with H,0 

I Add HCl 

Oxidise solution | 

and add NH^OH Solution contains radium, polonium, actinium, etc. 
Actinium pptd. I 

Add H,SO, 

Barium, radium, calcium, lead, iron, and traces 

of actinium pptd. 

Boil with Na,CO, 
Convert into chlorides 
Treat with H,S 



Polonium pptd. Solution oxidized with Gl, 
Add NH.OH 

\ 

I " I 

Actinium pptd. Solution 



Add Na,GO, 

Convert into bromides 

Evaporate to dryness and add HBr 



Solution Besidue 

Calcium bromide Badium and barium bromides 

two salts, when they are freshly prepared, are similar to each 
other in appearance. It has been found that if we allow the 
radium salt to stand for a time it gradually becomes coloured, 
the tint ranging from yellow to rose-pink. The coloration 
becomes much more marked if a trace of impurity (snch as a 
barium salt) be present in the crystals. 

* This residue contains sulphates of radium, lead, and calcium, silica, 
alumina and iron oxide, together with traces of many other metals. 
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Another property which is noticeably altered by lapse of time 
is the blue luminescence exhibited by freshly prepared radium 
salts or their solutions. The presence of barium salts in this 
case also appears to have dome influence, for the blue light is 
more strongly exhibited by an impure sample of radium salt 
than it is by a pure one. 

An aqueous solution of a radium salt has been found to 
evolve a mixture of oxygen and hydrogen, and there appears 
to be no cessation of this process, which offers such a peculicur 
parallel to electrolytic action.^ A still more extraordinary 
property of these salts, however, remains to be described. 
Curie and Laborde ^ observed that the temperature of a radium 
salt appears to be always a little higher than the temperature 
of the air about it ; in other words, the radium salts are con- 
tinually giving out heat. Curie and Laborde made some 
investigations of this phenomenon, and showed that the quantity 
of heat disengaged in one hour by one gramme of pure radium 
would amount to about a hundred gramme calories. 

When a radium salt is pla.ced in the flame of a Bunsen 
burner it gives rise to an intense carmine^red coloration, which 
is very characteristic. The spectrum of the element has been 
examined by several workers, and found to be quite different 
from any known spectrum ; which lends weight to the 
assumption that radium is an element and not a compound, as 
some authors have suggested. 

The atomic weight of radium has been the cause of con- 
siderable controversy. Madame Curie,^ in the course of her 
researches, determined this constant by estimating the chlorine 
in a sample of radium chloride. A control experiment with 
the same quantity of barium chloride yielded reasonably 
accurate results, so there seems no ground for supposing that 
the radium determination was erroneous owing to too small a 
quantity of material being used. The value for the atomic 
weight of radium obtained in this way. was 225. Runge and 
Precht,* from considerations of the spectra of radium salts 
under the influence of magnetic fields, came to the conclusion 

^ See also Bamsay, Monatsh., 1906, 89, 1018. 

* Curie and Laborde, Compt. rend,, 190S, 186, 678. 
' Madame Curie, Chem. News, 1908, 88, 159. 

* Bunge and Precht, Physik, Ze%koK, 1908, 4, 285. 
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that this value was much too low, and instead of it they pro- 
posed the number 258. Watts,^ also from measurements of 
spectra, concluded that Madame Curie's value was much more 
likely to be accurate than was that of Runge and Precht. This 
seems to be justified ; for the Bunge and Precht results would 
imply that Madame Curie had not less than twenty-five per 
cent, of birium chloride in her " pure " radium salt, which is 
hardly credible. Madame Curie ^ has recently repeated her 
determination of the atomic weight, using no less than 0*4 
gramme of radium chloride, and her second result agrees 
very closely with that which she originally obtained. The 
mean of three consecutive concordemt results is 226*2, where 
silver is taken as 107*8 and chlorine as 35*4. It seems pro- 
bable that this value is near the mark. Thorpe,^ in 1908, 
obtained three results (226-8, 225*7, 227*7), whose mean is 
226*7. If we accept this value for the atomic weight of radium, 
we find that it places the metal in the column of the Periodic 
Table which contains the alkaline earths, radium falling under 
barium. This position of the new element is quite in accord- 
ance with the general chemical character of its salts, which 
resemble those of barium so closely. 

There is another set of properties which the radium salts 
show, but since these are dependent upon the Becquerel rays 
rather than upon the radium salts themselves, we shall postpone 
the consideration of them until the following chapter. 

Metallic radium has recently been isolated by Madame 
Curie and Debicrne.^ A solution containing about a decigramme 
of radium chloride was electrolysed, the cathode being mercury 
and the anode being platinum-iridium. After the electrolysis 
was completed, the amalgam of radium at the cathode was 
placed in an iron boat and heated in a current of hydrogen 
which had previously been purified by passage through the 
walls of a platinum tube heated in an electric furnace. At 
approximately 700^ C, the mercury had all been driven off and 
the boat contained a brilliant white metal which fused sharply 
in the neighbourhood o£700'' C. and began to attack the quartz 

» WattB, PW2. Mag., (6) 1908, 6, 64. 

s Madame Curie, Campt rend,, 1907, 146, 422. 

* Thorpe, Proc, Bay. 80c., 1908, 80, 298. 

* Madame Curie and Debieme, Compt, rend.f 1910, 151, 628. 

P 
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tube in which the experiment was carried out. On exposure to 
air, a black film formed upon the metal, this being probably 
radium nitride. Eadium attacks water violently, forming a 
soluble oxide. A trace of the metal having fallen upon a sheet 
of paper, it was found that the paper was blackened and 
apparently carbonised. It appears that metallic radium is 
more volatile than barium. 



3. Polonium 

A glance at the table on p. 207 will recall the fact that at 
one point in the preparation of radium we get a solution which, 
on treatment with sulphuretted hydrogen, yields a precipitate 
of polonium. The precipitate of course contains other metallic 
sulphides, such as those of bismuth, copper, and lead. Madame 
Curie did not succeed in separating polonium from the bismuth 
with which it is mixed ; but Marckwald ^ has devised a method 
by means of which the polonium may be isolated and concen- 
trated very simply. If we add some stannous chloride to 
a solution containing polonium, tellurium, etc., the whole 
of the active substance is precipitated in the form of a fine 
precipitate. Now, if to a solution containing tellurium as an 
impurity we add first hydrazine hydrochloride, we shall precipi- 
tate all the tellurium, leaving the active substance in solution. 
The addition of stannous chloride to this solution will now 
precipitate the active substance. Polonium may also be 
obtained by immersing in its solution a plate of metallic 
bismuth; the polonium is deposited on the bismuth surface, 
leaving the solution inactive. This method of separation, how- 
ever, does not seem to be of much practical value. 

It appears that polonium is closely alUed to tellurium ; and 
it has been shown by Eutherford * Uiat it is almost certainly 
one of the decomposition products of radium, radium F, witii 
which we shall deal more fully in the last chapter of this 
volume. 

A considerable quantity of polonium has recently been 

1 Marckwald, Ber., 1902, 86, 2286, 4289; 1908, 86, 2662. 
* Butherford, P^i2. Mag., (6) 1905, 10, SCO. 
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obtained by Madame Curie and Debierne^ and its spectrum 
has been investigated ; but the research is not yet complete. 

Though no definite measurements have been made, there is 
evidence which makes it probable that polonium is an element 
with an atomic weight of about 210, and that it lies in the 
column of the Periodic Table just below tellurium. 



4. Actinium 

Becurring to the table on p. 207, it will be noticed that the 
substance actinium is precipitated along with metals of the 
iron group. It was discovered by Debierne^ in uranium resi- 
dues, but up to the present time has not been obtained in a 
pure stiate. It appears to be identical with Giesel's emanium.^ 
In the impure condition, the actinium salts are very much 
more radioactive than the thorium salts with which they occur 
in nature. Actinium appears to lie between calcium and lanth- 
anum as far as its purely chemical properties are concerned.^ 

The separation of actinium salts from those of thorium and 
the rare earths is a very tedious process, and is usually carried 
out by means of a solution containing an actinium compound 
along with some other salt which can be cleanly precipitated. 
The precipitation of the second substance traps the active 
body, which is thus brought down in the precipitate. For 
example, if we take a solution of actinium and barium salts 
and precipitate the barium in the form of sulphate, we shall 
find that the precipitate ia radioactive owing to the presence in 
it of actinium sulphate. Instead of barium salts, we may use 
the precipitation of neutral nitrate solutions by means of 
oxygenated water, or the action of sodium thiosulphate upon 
slightly acidified salt solutions. In both these cases the active 
body is brought down in the precipitate. If we precipitate the 
rare earth elements as hydroxides, suspend these in water, and 

* Madame Curie and Debierne, Compt rend,, 1910, 50, 386. 

' Debierne, Compt rend,, 1899, 189, 598; 1900, 180, 206; 1908, 186, 446, 
767 ; 1904, 189, 588 ; 1906, 141, 888. 

> Giesel, Ber., 1902, 85, 8608 ; 1908, 86, 842 ; 1904, 87, 1696, 8968 ; 1905, 88, 
775 ; 1907, 40, 8011 ; Phfynkdl, Zeitsch,, 1904, 5, 822. 

* Welsbach, 8%t9ungsber. K. Akad. Wiss, Wien, 1910, 119, [iia] 1. 
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add hydrofluoric acid, we shall find that the major part of the 
active substance remains unattacked and does not pass into 
solution. A recent research of Welsbach's ^ has shown that in 
presence of ammonium salts actinium is not completely pre- 
cipitated either by ammonia or by ammonium oxalate, but that 
from basic solutions, in presence of manganese, it is precipitated 
as a manganate. 

5. Uranium 

In the first section of this chapter we mentioned some of 
the properties of uranium salts the investigation of Which led 
to the discovery of the radioactive phenomentu Uranium in 
itself is of very little importance from the present point of 
view, and we shall reserve a discussion of its properties for the 
following chapter, in which we shall consider its relations to 
radium and the other radioactive substances. These relations 
are brought out in the course of some changes which the radio- 
active substances undergo on standing, and they throw a little 
light upon the problem of the origin of radium. We need only 
state in this place that the properties of uranium itself resemble 
more or less closely those of radium. 

6. Thoeium 

The question of the radioactivity of thorium is one of the 
most contested of all. Originally it was supposed that the radio- 
activity shown by thorium compounds was due to the activity 
of the thorium atom, but various authors have adduced evidence 
to the contrary. Hofmann and Strauss,^ in the preparation of 
thorium from broggerite, cleveite, and samarskite, obtained 
active products. It was observed later by Hofmann and 
Zerban^ that these thorium preparations did not retain their 
activity permanently, but that the radioactive power of the 
substances gradually decayed. This pointed to the view that 
the activity of the tJiorium was not similar to that of radium, 
but belonged to the class of phenomena termed "induced 

^ Welsbach, msher, K, Akad, Win, Wim, 1910, 119 [iia] 1. 

' Hofmann and Strauss, Ber., 1909, 88, 8126. 

* Hofmann and Zerban, Ber., 1902,85, 581 ; 1908, 86, 8098. 
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activity," with which we shall deal later in this volume. 
Induced activity is produced by bringing a non-active body 
into the presence of an active one, from which proximity it 
derives a transitory activity. Induced activity persists for a 
time even after the inducing body is removed. 

Now, Hofmann and Zerban showed that along with the 
thorium in the minerals investigated by them there was always 
present a certain amount of uranium, and to this they ascribed 
the presence of the activity. Further, the more rich in uranium 
the ore was, the more radioactive was the thorium extracted 
from it. Finally, they procured some Brazilian monazite sand 
which contained no uranium, and found that the thorium 
extracted from it was inactive, but if it were heated to 400"^ C. 
with active uranium oxide it acquired activity. 

Against this we must set the investigations of Barker,^ 
who examined photographically the activity of thorium from 
uranium-free monazite sand obtained in Brazil and North 
Carolina. In every case activity was detected, in spite of the 
absence of uranium from the mineral. 

Zerban^ then carried out a series of analyses of various 
monazite sands from various parts of the world, and found that 
in every case uranium was present when the thorium was 
activa 

Baskerville and Zerban,^ in 1904, discovered inactive thorium 
in a South American mineral, consisting for the most part of 
barium carbonate. Neither the barium nor the thorium in the 
mineral showed a trace of activity. Zerban ^ contradicts this. 

In 1905 further light was thrown upon the problem by the 
work of Eamsay and Hahn,*^ who discovered that when a 
mixture of radium and barium bromides obtained from about 
five thousand pounds of thorianite was fractionated, the activity 
of the soluble part did not diminish regularly as was expected, 
but became greater after a series of fractional crystallizations. 
When ammonia was added to these solutions, a precipitate was 
obtained which had very active properties. Further research 

' Barker, Amer, J. Sei. (4), 1903, 18, 161. 
< Zerban, Ber., 1908, 86, 8911. 

* Baskerville and Zerban, J, Amer. Chem, Soc, 1904, 86, 1642. 

* Zerban, Ber., 1905, 88, 657. 

> See Hahn, ZeiUch, physikal Chem., 1905, 81, 717. 
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in conjunction with Sackur showed Hahn that he had obtained 
a new radioactive body which is very closely related to 
thorium. 

The chief difBiculty encountered in the isolation of radio- 
thorium is due to the fact that it is very difficult to separate 
it from radium. The method employed is as follows. The 
separation of the radium &om radiothorium is carried out by 
means of a series of precipitations of iron salts in the radium- 
radiothorium solution. In this way the radiothorium is 
entangled in the iron precipitate, and separated from the 
radium salt. The removal of the iron salt is then accomplished 
in either of several ways. We may add ammonium carbonate 
in the cold, filter, and then boil ; or we may convert the salts 
into sulphates, acidify, and precipitate with a little ammonia. 
In this way the radiothorium is thrown down before the iron. 
Again, we may take a solution of the oxalate, make it slightly 
acid, and then just neutralize it. In this way we produce a 
slight flocky, strongly active precipitate, which is insoluble in 
excess of ammonium oxalate. 

Elster and Geitel ^ have discovered the same substance in 
the thermal springs of Baden-Baden. > 

Becent research has shown that the thorium problem is 
even more complicated. Hahn's investigations^ led him to the 
conclusion that between thorium and radiothorium a third 
substance must be interposed, to which the name mesothorium 
has been given. Further work ^ suggests that this intermediate 
body is made up of two parts, which have been named thorium-1 
and thorium-2. On this nomenclature, radiothorium would 
be called thorium-3. 

The chief practical interest of the mixture known as meso- 
thorium lies in the fact that its chemical and radioactive pro- 
perties are very closely allied to those of radium itself ; so that 
adulteration of radium preparations with mesothorium might 
lead to considerable inconvenience, the more so since meso- 
thorium is by comparison a very short-lived substance. It is 
possible to detect the admixture of the mesothorium by 
measurements of the intensity of the penetrating rays given off 

^ Elster and Geitel, ^hyAh, Zeitsch., 1906, 7, 445. 

• Hahn, Ber., 1907, 40, 1462. 

' Hahn, PhynkcU. Zeitsch., 1906, 9, 255. 
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by the adulterated pieparation at intervals of a month. The 
suspected preparation is freed from emanation and its activity 
observed. After three weeks, more emanation should have 
accumulated and the radioactivity can be calculated from the 
first result If the second result does not agree with this, then 
it is clear that pure radium salts are not present. 

7. Lead 

As in the case of thorium, a considerable controversy has 
centred about the question of the radioactivity of lead. In 
1899, Elster and Greitel ^ discovered that lead sulphate derived 
from pitchblende had radioactive properties; but since they 
were able to produce inactive lead sulphate by chemical means, 
they concluded that the activity of the other samples must have 
been due to the presence in it of some radium or other active 
element, and was not ascribable to the activity of the lead itself. 
Giesel^ in his researches also encountered this radioactive form 
of lead, but was not convinced that it was actually radioactive 
per 86. Hofmann and his co-workers^ believed that they 
actually had radioactive lead in their possession, and that it 
differed to some extent in chemical properties from ordinary 
lead ; but Giesel,^ who was supplied with some of their material, 
was unable to detect the differences which they described. 

Boltwood and Rutherford*^ have come to the conclusion 
that radio-lead is really one of the decomposition products of 
radium, radium D, with whose constants the figures obtained by 
Hofmann and his collaborators are in close agreement. 

8. Ionium 

This body was discovered by Boltwood,* who at first mistook 
it for actinium. The uranium ore carnotite is the source from 

* Elster and Geitel, Armalen der Physik, 1899, 69, 88. 

< Giesel, Ber., 1900, 88, 3569; 1901, 84, 8772 ; 1902, 80, 102. 

» Hofmann and Strauss, Ber,, 1901, 84, 3083, 8970; Hofmann and Wolfl, 
Ber., 1902, 85, 692, 1453; 1903, 86, 1040; Hofmann, Gk>nder, and Wolfl, 
Annalen der Physik, 1904, 15, 615. 

* Giesel, Ber., 1901, 84, 3772. 

» Boltwood, Phil Mag., [6] 1905, 9, 599 ; Rutherford, ibid,, 1905, 10, 290. 

* Boltwood, Amer, J. Sci., (4) 25, 365 ; see also Welsbach, Sitxaungsber. K. 
Akad. W%88, Wim, 1910, 119 [iia], 1. 
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which the element has been obtained, and the mode of prepara- 
tion is as follows. The ore is dissolved in hydrochloric acid, 
chlorides of the rare earths are then added to the solution, and 
the whole is precipitated in the form of oxalates. Further 
purification is carried out by repeated precipitation with thio- 
sulphates. Very little is known with regard to the properties 
of ionium. It appears to be very closely related to thorium. 
As will be seen in the next chapter, there is evidence tending 
to prove that ionium is the parent substance whose d^'adation 
produces radium, while ionium itself appears to be a decomposi- 
tion product of uranium. 

9. Potassium and Eubidium 

The numerous investigations ^ which have been made of the 
radioactive properties of potassium seem to show that this 
element possesses distinct activity. Eubidium also appears to 
have radioactive powers. 

1 McLennan and Kennedy, Phil, Mag., 1908 (vi.), 16, 877; Levin and 
Ruer, Physikal, Zeitsch,, 1908, 9, 248 ; Strong, Physical Review, 1909, 89, 170 ; 
Henriot, Compt, rend,, 1909, 148, 910; Henriot and Vavon, ibid,, 149, 80; 
Biiohner, Proc. K, Akad. Wetemch, Amsterdam, 1909, 18, 164; Campbell, 
Proc, Camb, Phil, Soc., 1909, 15, 11; Ebler, Chem. Zeit,, 1908, 88, 812. 
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CHAPTER XIII 

BADIOACTIVB CHANGES 

1. The Becquerbl Rays 

In the previous chapter we mentioned that the salts of radium 
and other radioactive elements emitted a series of radiations 
which have been termed the Becquerel rays, from the name of 
their discoverer. Since a very considerable part of the peculiar 
activity of radioactive bodies is closely connected with these 
rays, it is necessary at this point to enter into some considera- 
tion of the question. The first problem which we have to solve 
is that of the nature of the rays in question. Are they simple, 
or are they made up of a series of different types of vibration, 
such as a mixture of light and X-rays ? 

To settle this point, we have two methods at our disposal. 
In the first place, we may interpose in the path of the rays' 
some sort of filter which will give us a chance of separating 
one component from the rest ; or, secondly, we may pass the 
rays through a magnetic field, and determine whether they are 
imiformly deflected as a whole or whether they can be resolved 
into a series of vibrations having diflerent deflections. 

We need not enter into any great detail with regard to the 
first of these methods. An experiment mentioned by Strutt ^ 
will make the application clear. Suppose that we charge an 
electroscope so that the leaves of it diverge from one another. 
If we now bring near the electroscope a small quantity of a 
radium salt, we shall find that the leaves fall together, say, in 
ten seconds. Let us next wrap the radium salt in a sheet of 
tin-foil and again place it in position near the electroscope ; we 
shall find that the leaves take longer to fall, say, a hundred 
seconds. We have thus filtered off some part of the rays. 
Now, if all the rays were of the same type, we should expect to 

* Strutt, The Becquerel Bays and the Properties of Badium, 1904, p. 51. 
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increase the time of discharge to a thousand seconds by doubling 
the sheet of tin-foil. This, however, is not found to be the case ; 
but, instead, the rate of discharge hardly falls at all with the 
superposition of the second thickness of tin-foil. It is thus 
made clear that we have filtered off one set of rays by means 
of the tin-foil, but that there still remain other rays which the 
tin-foil sheets do not arrest. We have in this way established 
the presence of two types of vibration, one set stopped by 
tin-foil, the second not. We have now to discover whether or 
not we can further sift the rays to which tin-foil is transparent. 
To do this, we substitute for the tin-foil a thin casing of lead ; 
and here we find a similar behaviour. The addition of one 
sheet of lead causes a perceptible lengthening of the period of 
the electroscope's discharge ; but the interposition of a second 
slip of lead does not further diminish the velocity of the dis- 
charge to any marked extent. Thus again we have reached a 
border-line between two sets of rays, one of which will pass 
through the lead, while the other cannot do so. 

This method, however, is only a very rough one, and does 
not lend itself to measurements of such great accuracy as are 
obtainable by the second method, in which a magnetic field 
is used. The actual details of the experimental methods 
employed need not be described in this place,^ but we may 
give the results which have been obtained by the application of 
the electro-magnet to the problem. 

Suppose that we have a magnetic field applied at right 
angles to the plane of the paper and directed towards the 
paper ; the state of affairs may be represented by Fig. 24.^ 

Here L is a piece of lead in which a hollow has been drilled. 
At the bottom of the hollow is placed some radium salt, R. 
Under the influence of the magnetic field, the radiations from 
the radium salt are split up into three groups, which have 
been termed by Rutherford the a-, j3-, and y-rays. The y-rays 
are not deflected by the magnetic field, and are thus comparable 
to ordinary X-rays ; but their penetrating power is very much 
greater than that of the X-rays. The j3-rays resemble the 
cathode rays of a high vacuum tube ; and like these they are 
deflected by the magnetic field in the manner shown in the 

* See Batherford, Radioactivity, 1905, chaps, iv. and v. 
' Madame Curie, Chem. Netoa^ 1903, 88, 169. 
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figure. They appear to be streams of particles carrying a 
negative electric charge. If we place a sensitive photographic 
plate, PP, under the leaden cell containing the radium salt, we 
shall find that the spots where the /3-rays fall are affected by 
them. Finally, we come to the third set of components of the 
Becquerel rays. These, the o-rays, are deflected from the 
straight path of the discharge by the electric field ; but instead 
of being bent in the same way as the /3-rays, they are curved in 




the opposite direction. They are therefore positively charged 
particles, and Rutherford supposes them to be helium atoms. 
We must now discuss the properties of these different rays in 
turn. 

The y-rays, as we have mentioned, are not deflected to any 
extent by a magnetic field, even when this is very powerful. 
Their penetrating power also is very marked. For instance, 
Strutt ^ has observed that even eight centimetres of sheet lead 
will not suflBce to arrest these radiations. The nature of the 

* Strutt, The Becquerel Bays, p. 83. 
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y-rays seems to be still unsettled. The view ' that they are 
streams of particles has been controverted^ on the ground 
of their showing no deflection in the magnetic field. The 
other view of their nature supposes them to resemble the 
X-rays. Now, the X-rays may be conjectured to be non- 
periodic pulses in the ether which are set up when electrons 
are suddenly stopped in their paths by some obstacle. This 
view explains the production of these vibrations at the point 
where the cathode rays of a high vacuum tube strike the glass 
of the tube. Applying this idea to the case of radium, and 
bearing in mind the fact that the ]3-rays of radium and the 
cathode rays of a Crookes tube are very closely allied, we 
might come to the conclusion that the y-rays of radium salts 
were produced by the bombardment of the solid salt by the 
particles of the jS-rays produced within itself. Another view ® of 
the y-rays assumes that they are made up of discrete particles 
discharged at very high velocity, each particle being a "neutral- 
pair " composed of one negative and one positive electron. This 
hypothesis, as far as it concerns the y-rays, appears to agree with 
the known data, but its application to the problem of the 
nature of X-rays, which closely resemble the y-rays, appears to 
be contested. 

The nature of the j3-fays seems to be now beyond doubt. 
They are material particles projected from the surface of the 
radium salt, just as particles are driven out from the cathode 
of a high vacuum tube. Naturally, they do not all travel with 
the same velocity; some sets of particles move more slowly 
than others, and it has been found possible to analyze the 
swarm of particles by deflecting them in magnetic fields. It 
has been found that the slowest-moving particles are most 
deflected — as can be foreseen — and it has been proved, further, 
that the /3-ray8 as a whole are less deflected than the cathode 
rays from Crookes tubes. Hence it is clear that the particles 
forming the /3-rays of radium are moving at a much higher 
velocity than those which are shot out by the cathodes of 
vacuum tubes. It has been estimated that the velocities of 

» Paschen, Annalen d. Physik, 1904, 14, 114, 889 ; PhyHkal Zeitscfh, 1904, 
6,568. 

« Rutherford, Radioactivity, 1906, pp. 182 ff. 
» Bragg, Phil Mag,, 1907, [vi.],-14, 429. 
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light, the /3-rays, and the ordinary cathode jays are approxi- 
mately the following : — 

Light . . . 80 X 10* kilometres per second 

iS-rays. . . (6 X 10*) to (28 x 10*) 
Cathode rays . (2 X 10*) to (10 X 10*) 

It appears, then, that the velocity of the electrons in the /3-rays 
is greater than that of any other known natural body. From 
the fact that the radioactive bodies are losing negative electricity 
at a considerable rate owing to the departure of the electrons 
of the /3-rays, it is clear that the remaining portion of the salt 
must gradually acquire a positive charge, and that if loss of 
this charge be prevented by insulation it will eventually become 
quite measurable. In point of fact, one experimenter ^ noticed 
that when a sealed glass tube containing radium was opened 
after several months, a bright electric spark was produced. 

Turning now to the a-rays, we enter quite a different field. 
Here we have to deal with what appears to be a series of heavy 
particles, such as helium atoms, travelling at high velocities 
(probably one-tenth that of light). These bodies are positively 
charged, and are deflected by magnetic fields in the direction 
opposite to that taken by the /3-particles. The extent of the 
deflection, however, is by no means so great as that observed in 
the case of the electrons of the /3-rays, The a-rays appear to 
be very similar in character to the canal-rays which can be 
produced in vacuum tubes. It seems certain that the heat 
generated by radium is due to the impacts of these particles. 
Grookes has devised an instrument, the spinthariscope, by 
means of which we can actually observe the effects of the 
collision between a-particles and ordinary matter. The spin- 
thariscope consists of a zinc sulphide screen, above which a tiny 
fragment of a radioactive substance is suspended on the end of 
a steel pointer. When the screen is examined through a lens, 
it is found to be covered with tiny points of light which appear 
and vanish almost at once. These light-spots are due to the 
phenomenon known as triboluminescence, in which the break- 
ing of a crystal causes a flash of light ; and it is supposed that 
the flashes in the spinthariscope are caused by the fracture of 
the zinc sulphide crystals under the impact of helium atoms 
discharged from the radioactive substance on the pointer. The 

» Dom, Phynkal ZeiUch,, 1903, 4, 607. 
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triboluminescence phenomena on a larger scale can be observed 
by any one who rubs two pieces of sugar together in the dark. 

In the foregoing paragraphs we have discussed the pro- 
perties of the a-, /3-, and y-rays seriatim ; but we must bear in 
mind that the effects produced by radium in general are not 
caused by the separate action of each type or ray, but are really 
due to the united action of all three kinds. We shall now give 
a few instances of the changes which radium produces upon 
various substances when it is placed in their vicinity. 

The first effects which are recognizable are those due to 
fluorescence or luminescence of one kind or another. Suppose 
that we bring an X-ray fluorescent screen near a radium com- 
pound ; the screen will become strongly lit up, just as it is when 
acted upon by the Eontgen rays. Bary ^ has found that many 
of the alkali metals and alkaline earths are also fluorescent 
when brought into the neighbourhood of a radium preparation. 
Madame Curie ^ showed that paper, cotton, and other substances 
could exhibit the same phenomenon. Becquerel ^ observed that 
while a ruby will fluoresce under the action of light-rays, it 
remains inert with regard to radium. Again, a diamond which 
shines in presence of the rays from radium does not light up 
when X-rays are thrown upon it ; and calcium sulphide appears 
to behave similarly. Many other instances of this action of the 
Becquerel rays might be quoted. 

If we expose a fluorescent substance of the type mentioned 
above to the continued action of the radium rays, it is found 
that the power of shining which it possesses does not remain 
constant, but slowly diminishes, while at the same time the 
physical appearance of the fluorescent body changes. Barium 
platinocyanide on long exposure to the rays grows darker in 
colour, finally becoming quite brown; its luminescence also 
dies away gradually. Both the original colour and the power 
of fiuorescing can be regenerated by exposing the salt to light 
for a time. 

When some varieties of glass are exposed to the action of 
the Becquerel rays they become fluorescent, and at the same 
time become tinted brown or violet according to the alkali metal 

» Bary, Compt. rend., 1900, 180, 776. 

2 Madame Curie, Chem, NewSf 1908, 88, 212. 

' Becquerel, Compt rend,, 1899, 189, 912. 
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contained in them. If we warm the glass after the process has 
gone on for a time, we shall find that it loses its tint and 
becomes again transparent, regaining at the same time its 
original power of fluorescence. Not only so, but when heated 
it now possesses the power of spontaneous fluorescence. The 
same is true for such minerals as fluorspar. 

Owing to the presence of the 7-rays in the Becquerel rays, 
the latter have the power of ionizing gases, just as the X-rays 
do. We need not enter into details with regard to this property ; 
it is obvious that the electroscopic method of determining 
activity depends upon it. 

In many cases the action of the Becquerel rays upon 
ordinary chemical elements or compounds is well marked. For 
instance, the Curies have shown that by their influence we can 
convert oxygen into ozone.^ Again, if we submit yellow phos- 
phorus to the action of the radiations, it becomes changed into 
the red allotropic modification.^ On the other hand, it has been 
shown by Sudborough^ that the presence of radium salts has no 
influence upon some geometrically isomeric substances which 
are transmuted into the stable form by the action of light. 
If we allow the Becquerel rays to act upon a solution of 
iodoform in chloroform, we shall find that it becomes purple 
owing to the separation of iodine.^ 

The physiological effects of the radium radiations are very 
striking. If a radium salt be allowed to remain in contact with 
the skin for even a few minutes, it is apt to produce extremely 
painful eruptions ; and these are the more troublesome owing to 
the fact that they take a considerable time to make their appear- 
ance. Thus even by bringing radium near the skin, without 
actual contact, we may produce very deep-seated changes in the 
tissues without having any outward sign that we have injured 
them. The action of the radiations upon the tissues is ap- 
parently due to the breakdown of lecithine, which makes up a 
considerable part of the epidermis. This destructive character 
of the radium salts, however, is not without its uses, for in cases 
of rodent ulcer it has been successfully employed to cure the 

' Compt, rend,, 1899, 188, 828. 

* Beoqoerel, Compt rend,, 1901, 188, 709. 
» Sudborough, Proc., 1904, 80, 166. 

* Hardy and Willoook, Proc. Boy. Soc., 1908, 78, 20a 
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disease ; and. at the present time we seem to be on the verge of 
considerable advances in this direction. Hardy ^ has found 
that the coagulation of globulin may be brought about by the 
influence of the Becquerel rays, and in this case the action 
appears to be due to the positive charge carried by the 
a-particles. 

2. The Disintegration Hypothesis^ 

When we consider that the radium salts form what appears 
to be an inexhaustible store of energy, we are naturally driven 
to inquire from what source this energy is derived. In reply to 
this question, two main hypotheses must be considered. In the 
first place, we may imagine that the radium salts are mere 
energy-transformers which catch up some external force from 
their surroundings and convert it into the Becquerel rays in 
some manner which we do not as yet understand ; or, secondly, 
we may suppose that the source of the energy is to be sought in 
the radium atom itself. The first view pictures radium as a sort 
of dynamo which can convert, say, heat into X-rays ; the second 
hypothesis regards it rather as a kind of chemical compound 
like diazo-benzene, which is so unstable that it may spon- 
taneously decompose with a great outburst of energy. It will 
be seen that the first of these ideas is a physical one, while the 
second is chemical. At the present time the chemical explana- 
tion appears to have gained the day, and we must now describe 
some of the phenomena upon which it is based. 

Crookes,^ in the course of an investigation of the properties 
of uranium, found that if a uranium salt were precipitated by ' 
means of ammonium carbonate and the precipitate treated with 
excess of the reagent, the precipitate almost entirely redissolved, 
leaving behind it only a very slight residue. The redissolved 
uranium was found to be radioactively inert, while all the 
original radioactivity appeared to be concentrated in the small 
residue. The residue Crookes termed uranium X. So far, 
there was nothing out of the common ; it appeared that the 

» Hardy, Froc, Physiol, Soc., 1903, XXIX. 

* See Butherford, Radioactivity; Rutherford and Soddy, Phil, Mag., (6), 
1908, 5, 576. 

» Crookes, Proc. Roy. Soc., 1900, 66, 409. 
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activity of uranium was really due to the presence in it of 
this trace of uranium X. A much more important result was 
obtained later, however, when it was found that the inactive 
uranium, after standing for some months, became once more 
radioactive.* 

About the same time, Becquerel ^ separated uranium and 
uranium X in another way. He mixed solutions of uranium 
and barium salts, and then, on precipitating the barium as 
sulphate, he found that the barium had acquired radioactive 
properties, while the uranium had lost them. After standing 
for a year, the two products were re-examined, and it was found 
that by that time the barium had lost its activity, while the 
uranium was again as radioactive as it was at the beginning of 
the experiments. 

The only possible conclusion, which can be drawn from these 
results is that the activity of uranium is due to some substance 
which is produced spontaneously by uranium. 

Butherford and Soddy ^ found a similar series of phenomena 
in the case of thorium, and they proceeded to investigate 
quantitatively the rate at which thorium X lost its activity. 
They found that, starting with inactive thorium and active 
thorium X, after four days the thorium had regained half its 
original activity, while in the same time the thorium X had 
lost half its radioactive powers. The rate of decay and recovery 
can be expressed in both cases by exponential equations : — 

For the decay of Th X, !« = lo X e"^' 

For recovery of Th activity, I« = Io(l — e"^^) 

in which lo represents the initial activity of the thorium or 
the thorium X, !< the activity after a time t has elapsed, and e the 
base of the Napierian logarithms. The factor X, it is found, is 
the same for both decay and recovery. Similar results were 
obtained with uranium and uranium X, except that in this case 
the period during which the uranium X lost half its activity 
was about twenty-two days, instead of four as in the case of 
thorium. 

* The activity determinationa were made photographicaUyi and are thus 
concerned only with the ^-rays; had the o-rays been used as a test, the 
uranium would not have appeared to lose much activity. 

» Becquerel, Compt, rend., 1900, 181, 187; 1901, 188, 977. 

« Rutherford and Soddy, Tram., 1901, 81. 821, 837. 

Q 
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The most striking peculiarity of this decay and regenera- 
tion is the fact that it is totally unaffected by changes of tem- 
perature, even a white heat appearing to have no accelerating 
influence. This differentiates it from the ordinary chemical 
reactions, which are all more or less susceptible to changes 
of temperature. 

There is one other point which we must mention. It has 
been shown that the degree of activity of any salt is directly 
proportional to the amount of the radioactive element in the 
salt, and has no connection with the acidic part of the molecule. 
The activity of radium bromide is different from that of radium 
carbonate, and depends purely, in each cause, upon the percentage 
of radium metal in the salt. 

From the forgoing evidence, we can draw certain conclusions. 
In the first place, the fact that the percentage of radioactive 
element present in a salt is the measure of its activity proves 
conclusively that radioactivity is a property of the atom, and 
not of the molecule. Secondly, the fact that radioactive change 
is independent of temperature proves that we are not dealing 
with an ordinary molecular decomposition. We must therefore 
have to do with some new atomic property. Finally, since the 
a-particles which are driven out in the Becquerel rays are 
material bodies, we are obviously witnessing the breakdown of 
some material system ; and from what has gone before it is 
obvious that this system cannot be a molecular one. It must 
therefore be intra-atomic. 

We cannot go into further details with regard to the 
evidence upon which the disintegration hypothesis is based, 
but must now proceed to describe briefly the outlines of the 
hypothesis itself. 

Eutherford,^ taking the case of thorium as an example, sets 
forth his views as follows. The thorium atoms are supposed to 
be semi-stable systems of which some break down every second. 
The number of collapsing systems is relatively small when 
compared with the total number of thorium atoms present in 
any specimen; Butherford estimates that about one atom in 
every 10^® will suflSce. When the atom of thorium becomes 
unstable, it disintegrates and expels from the system one or more 
a-particles. The remaining particles rearrange themselves into 

^ Butherford, EaS^Mboiwiiy , pp. 286-7. 
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a new semi-stable system. For simplicity's sake let us suppose 
that each thorium atom expels one a-particle. The a-particles 
of thorium resemble those of radium very closely ; and since the 
radium particles have twice the mass of a hydrogen atom, it is 
probable that those of thorium have approximately this mass. 
These a-particles constitute what is termed the " non-aeparMe 
activity " of thorium, which amounts to about 25 per cent, of 
the maximum. Now, the new semi-stable system, thorium X, 
formed after the expulsion of the first a-particle from the 
thorium atom,* is much less stable than thorium itself. In turn, 
it throws off an a-particle. These second a-particles give rise 
to the "radiation" from thorium X. Since the radioactivity of 
thorium X falls to half its value in four days, it is clear that 
on the average half the atoms of thorium X must disintegrate 
in four days, the number decomposing per second being always 
proportional to the number of atoms present. Now, as we shall 
see in the next chapter, thorium X in turn imdergoes a whole 
series of changes, giving rise successively to thorium emanation 
and a set of other active bodies. We may represent these 
changes diagramatically thus — 

a-Particle a-Particle a-Particle 

ft t 

Thorium -> Thorium X -> Thorium Emanation -> 

The disintegration of the thorium atom, on tliis hypothesis, 
gives rise to a series of substances, each of which will differ in 
chemical properties from its predecessors. 

The following table ^ will give a general idea of the disinte- 
gration products which are formed in the decomposition of the 
radioactive elements. In the second column is given the value 
of the constant X of the exponential equation which we have 

* This is Bntherford's original statement. Recent work by Hahn {PhyHkal, 
ZeiUeh,, 1908, 9, 245) has shown that there are products intermediate between 
thorimn and thorium X, the complete series being represented by — 

Thorium (a-rays) *> Thorium-1 (rayless) *> Thorium-2 (/B-rays) 

Meso>thori\mi 
-» Thorium-8 (o-rays) -> Thorium X 

Badio-thorium 

^ Rutherford, Badioactivity, p. 449 ; Bamsay, Trans,, 1909, 95, G27, with 
modifications. 
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already quoted. T represents the time taken for each radio- 
active substance to lose half its activity. The third column 
contains notes on the nature of the radiations emitted by each 
active body. 

We need not enter into a discussion of the various emana- 
tions from the radioactive substance, as these gases and their 
decomposition products will form the subject of the next 
chapter. 

3. Thb Obigin of Eadium 

From the table given in the previous section, it will be 
seen that the radioactive elements are continually being trans- 
formed into other forms of matter. This has been established 
by purely experimental evidence, and is independent of any 
theoretical views as to the mechanism by means of which 
the transformation is accomplished. Now, if we imagine 
that we have a gramme of radium at the present day, it is 
clear that in thirteen centuries half of it will have been 
converted into emanation; and, since we have no means of 
reconverting the emanation into radium, this half of the 
radium has ceased to exist as such. Another thirteen centuries 
will see our gramme of radium reduced to a quarter of a 
gramme, and in the end, after the lapse of a few million years, 
the amount of radium remaining from our original gramme will 
be non-existent from a practical point of view. Of course, in 
theory the disintegration will go on for an infinitely long 
period; but in practice a geologically brief interval of time 
would be sufficient to reduce any reasonably large quantity of 
radium to an amount so small as to be beyond our present 
resources for its detection. Butherford^ calculates that in 
twenty-six thousand years a kilogramme of radium would be 
reduced to one milligramme of active substance, the rest having 
disintegrated. Thus, if the whole earth had been made up of 
radium twenty-six thousand years ago, its activity at the 
present day would be no greater than that which we observe 
in pitchblende. 

From considerations such as these, we are driven to conclude 
that the radium which we isolate from pitchblende at the 
* Butherford, BaAioaciwiiy^ p. 459. 
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present daj cannot have been in existence in the early stages 
of the earth's history. It must, therefore, have come into 
existence at a more recent date, and we should be able to throw 
some light upon its origin by a careful investigation of the 
substances which occur along with it in the natural state. 

Butherford and Soddy ^ put forward the idea that radium 
itself was a disintegration product whose parent was one of the 
substances which occut in pitchblende. Now, of these sub- 
stances two can be at once singled out from the others. 
Uranium and thorium have all the characteristics which would 
be required by the hypothetical parent of radium. Both have 
higher atomic weights than radium, and both decay more 
slowly than radium does. On examination, it is found, how- 
ever, that these two bodies do not occur with equal profusion 
in the radium ores : pitchblendes containing radium are usually 
rich in uranium, but the thorium ores do not generally contain 
radium. It therefore appears probable that uranium, rather 
than thorium, is the parent of radium. 

McCoy ^ has shown that the radioactivity of a uranium 
ore which does not contain any thorium is proportional to 
the amount of uranium which it contains. This goes to 
prove, of course, that there is a close relation between the 
quantity of uranium and the amount of radium or its congeners 
present in the mineral. Similar results have been obtained by 
Strutt® and Boltwood,* who have proved that the ratio of 
uranium to radium in radium ores is almost constant. Soddy 
and Mackenzie ^ made some experiments with uranium which 
had been freed from radium and left to stand for a time. They 
concluded that some radium was produced. 

Boltwood^ has apparently solved the problem, though the 
solution is a somewhat unexpected one. Since it had been 
shown by himself, as well as by Soddy, that the rate of pro- 
duction of radium from uranium was slower than it was expected 

» Rutherford and Soddy, Phil. Mag., (6) 1903, 6. 

« McCoy, Ber,, 1904, 87, 2641. 

» Strutt, Proc. Boy. 80c., 1906, 76 A., 88. 

* Boltwood, Phil Mag,, (6) 1906, 9, 699. 

* Soddy, Phil Mag., (6) 1906, 9, 768; Soddy and Mackenzie, ibid,, 1907, 
14, 272. Compare Whetham, Nature, 1904, 70, 6 ; 1906, 71, 819. 

< Boltwood, Amer. J. Sci., (4) 1906, 20, 289; 1906, 22, 637; 24, 370; 190P, 
25,366. 
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to be, Boltwood came to the conclusion that radium was not 
the direct descendant of uranium, but that instead there was 
an intermediate step which must be some hitherto unknown 
element. Boltwood at first imagined that this intermediate 
element must be actinium, being led to that conclusion by the 
following results. From carnotite, a mineral which contains 
about twenty per cent, of uranium, he extracted the actinium 
it contained by repeatedly precipitating that element as 
oxalate. After standing for a couple of months, the actinium 
was once more taken in hand, and all the emanation which 
it had accumulate(l was boiled off. After sufficient time had 
elapsed to allow the actinium emanation to disintegrate (its 
half life-period is only a few seconds), the emanation was 
examined and found to correspond in quantity to that which 
would be liberated from 5*7 X 10~® grammes of radium. It 
was therefore concluded that the actinium solution contained 
this quantity of radium. On repeating the work a hundred and 
ninety-three days later, it was found that the amount of radium 
emanation present corresponded to the presence in the solution 
of no less than 14*2 x 1(H grammes of radium. The only 
explanation for the presence of the extra 8*5 x 10~^ grammes 
of radium appears to be that it is produced from the actinium 
in the solution. 

Butherford ^ then showed that what Boltwood imagined to 
be actinium could not be that element, for it could be separated 
from true actinium by means of ammonium sulphide. (A 
mixture of ammonium and sodium thiosulphates appears to be a 
better reagent for this separation.) It appears that the solution 
of this supposed actinium gives none of the characteristic 
degradation products of actinium. Boltwood found that the 
activity of the new body — to which he gave the name ionium 
— was about seventy-six per cent, of that of radium. Hahn * 
independently came to somewhat similar conclusions, basing 
these upon the results which he had obtained in the course 
of some extractions of thorium salts from monazite sand. He 
observed that the amount of radium in the thorium prepara- 
tions depended upon the time which had elapsed since their 
extraction from the sand ; and these measurements furnished 

» Rutherford, Nature, 76, 126. 
« Hahn, Ber,, 1907, 40, 4416. 
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means of calculating the rate of the formation of the radium. 
The half life-period of radium from Hahn's experiments is 
about thirteen hundred years, which is in good agreement with 
Sutherford's theoretical results. 

Thus it appears, that, though uranium is an ancestor of 
radium, it is not the latter's direct parent. The line of descent 
is apparently from uranium to ionium, and then to radium. 
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CHAPTER XIV 

RADIOACTIVE EMANATIONS 

1. The Emanations from Thorium and Actinium 

In 1899 Owens ^ was engaged in an examination of the radiation 
effects of various thorium derivatives, and in the course of 
the work he observed that the radiations were by no means 
constant when measured electrically. Further investigation 
showed that the inconstancy was due to air- currents about the 
apparatus ; for when the experiments were carried out in closed 
vessels, the ionization of the air reached a maximum and then 
remained constant. Kow, if radioactive effects can be influenced 
simply by passing air across the radioactive substance which 
forms the subject of the experiment, it seems probable that 
part, at least, of the radioactive influence is due to some 
material which can be mechanically blown away by the current 
of air. This material might be either a gas or a cloud of tiny 
particles of thorium, which had been loosened from the main 
body of the radioactive mass. 

Eutherford ^ pursued this line of research, and was able to 
prove that thorium did actually liberate something which we 
may term an emanation, and that this emanation had radio- 
active properties. He showed that the properties of the emana- 
tion very closely approximated to those of a gas. For instance, 
it can be blown about by gas-currents; it can be bubbled 
through liquids ; a mica stopper will prevent it escaping ; and, 
finally, it causes no deposition of water-globules in the dust- 
counter. This last experiment proves that the emanation is 
not a cloud of thorium particles, for these would of course form 
nuclei for the condensation of water ; while the molecules of a 
gas would be too small to produce this effect. 

' Owens, Phil. Mag., (6) 1899, 48, 860. 
« Rutherford, Phil Mag., (6) 1900, 49, 1. 
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The activity of the emanation was fonnd to decay very 
rapidly. To measure this decrease in activity, a very ingenious 
method was employed, the outline of which is as follows. Pure 
air was blown across some thorium salt, and in this way 
became mixed with the emanation from the thorium ; the 
mixed gases were then passed into a long brass cylinder through 
whose walls projected three insulated electrodes. The brass 
cylinder was insulated and connected with a battery ; and the 
current through the gas was measured by means of an electro- 
meter in the usual way. It was found that the current 
diminished progressively along the cylinder; and by passing 
the stream of mixed gases at different rates through the 
tube, it was possible to determine the rate of decay of the 
emanation. Le Bossignol and Gimingham^ found that the 
activity of the emanation fell to half value in fifty-one 
seconds. 

In the light of this work, it seemed probable that the other 
radioactive elements also might give oS analogous emanations. 
Debieme ^ showed that this was true in the case of actinium, 
which gives off a gas having properties similar to those of 
thorium emanation, though its time of decay is very much 
shorter — about four seconds. This substance does not call for 
detailed treatment, as the general properties of thorium and 
actinium emanations resemble those of radium emanation, with 
which we shall now deal in some detail in the next section. 



2. Niton* 

The discovery of thorium emanation speedily led to that 
of the emanation from radium, which was detected in 1900 by 
Dom.^ It resembles the thorium derivative in most respects, 
but is much more durable. 

When we consider the amount of emanation which is 
evolved from a given quantity of radium, the first thing which 
forces itself upon our notice is the difl&culty which would be 

* Le BoBsignol and Gimingham, PhiU Mag.^ (6) 1904, 8, 107. 

* Debieme, Compt. rend., 1908, 186, 146. 

* This name has been proposed by Bamsay and Oray as a convenient 
substitute for ** radium emanation." 

' Dom, Abh. d, Naturforscher GeselUch. Halle, 1900. 
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experienced in handling the minute quantity of gas which can 
be obtained. It has been found that the amount of emana- 
tion from one gramme of radium in radioactive equilibrium 
has a volume of about one-tenth of a cubic millimetre.^ 
Now, the usual quantity of a radium salt used by experi- 
menters varies from 20 to 60 milligrammes, and it must be 
remembered that only a part of this salt is radium. From 
these figures it will be seen that the volume of emanation 
obtainable at any time will be very minute. Consequently, 
it is necessary to devise some method by means of which 
we can transfer these tiny bubbles of gas from one vessel to 
another. It has been found that this 'is best accomplished 
by mixing the emanation with a large quantity of a neutral 
gas, such as air. The mixed gases can then be transferred 
from vessel to vessel without any appreciable loss of emana- 
tion. One of the simplest ways of obtaining this mixture of 
emanation and air is to bubble air through a solution of 
radium bromide in water. 

Niton behaves as an ordinary gas. It obeys Boyle's Law,^ 
and diffuses like other gases when placed in a vessel. Experi- 
ments have been made by various workers,'* with a view to 
determine the molecular weight of niton from its rate of diffu- 
sion, but the results are, of course, extremely inaccurate. It 
must be borne in mind that in these diffusion experiments we 
are dealing with a very minute quantity of niton mixed with a 
very large volume of some indifferent gas, so that the results 
are affected by many factors which do not come into view in 
ordinary diffusion experiments. All that we can safely conclude 
from these investigations is that the molecular weight of niton, 
to judge from its density, must be very high, probably over 
a hundred. As we shall see later, this estimate is under the 
mark. 

Niton has been liquefied and its critical constants have 
been determined by Ramsay and Gray.* The liquid emanation 

> Gray and Eamsay, Trans,, 1909, 95, 1073. 

* Ramsay, Compt. rend., 1904, 138, 1888. 

' Butherfords and Brooks, Trans. Roy. Soc, Can., (2) 1902, 7, 21; Ghent. 
Neios, 1902, 86, 196 ; Curie and Danne, Compt. rend., 1908, 138, 1814 ; Bum- 
stead and Wheeler, Amer. J. Sci., (4) 1904, 17, 97 ; Makower, Phil. Mag., (6) 
1906, 9, 66. 

* Gray and Bamsay, Tram., 1909, 96, 1078. 
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is colourless and transparent by transmitted light. It is 
phosphorescent and shines with a colour which varies with the 
nature of the glass of the tube in which it is enclosed, the 
usual tints being green to lilac. When highly compressed, 
the tint resembles that of a cyanogen flame, being slightly 
bluish-pink. The solid emanation is not transparent. It melts 
at - 71'' C. Like the liquid, the solid phase of the emanation 
is phosphorescent; but the colour of the phosphorescence is 
much more brilliant, and its colour varies with the temperature. 
On cooling below the melting-point, the tint of the emitted 
light is steel-blue ; further cooling changes it to yellow, and 
it finally becomes orange-red. On warming the tube con- 
taining it, the colours reappear in inverted sequence. The red 
phosphorescence disappears at —118° C, while at -59° C. 
or -60° C. the liquid is dull bluish-green. The critical 
temperature is 377°'5 Abs., and the vapour-pressure at this 
, temperature is 47,450 mm. 

The most recent attempt to determine the atomic weight 
of niton is that carried out by Oray and Bamsay,^ whose 
method consisted in weighing a given volume of the gas. 
When it is remembered that the total volume which they were 
able to obtain at any one time was less than 01 o.mm. some 
idea of the difficulties of the research will be obtained. 

Evidence with which we shall deal later in this chapter 
proves conclusively that niton belongs to the inactive gas 
group of elements ; and making the usual assumptions with 
regard to the periodic arrangement of the elements, we can 
predict that niton will lie somewhere above xenon in the scale. 
Its atomic weight might therefore be either 176 or 222 approxi- 
mately, as the following figures show, since the difference 
between two successive atomic weights iu this column is 
generally about forty-five : — 



Hum. 


Neon. 


Argon. 


Krypton. 


Xenuu. 


I. 


n. 


4 


20 


40 


88 


180 


176 


222 



If the figure 222 were correct, then 01 cmm. of niton would 
weigh less than 1/1400 milligramme ; and in order to weigh 
this small mass with sufficient accuracy it was necessary to 
devise a balance which would turn with a load of not more 



Gray and BamBay, Proc, Boy. Soc., 1911, A., 84, 686. 
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than a hundred-thousandth of a milligramme. The production 
of this balance is certainly the high-water mark of modern 
physico-chemical technique. We cannot enter into details of 
the construction of this apparatus, but must confine ourselves 
to a brief description of its essentials. The beam of the balance 
is formed from threads of quartz fibre, and carries a small 
mirror of platinized silica. Instead of weights, a counterpoise 
is used which consists of a small quantity of air sealed up in a 
quartz bulb. The whole balance is surrounded by an air-tight 
case in which the pressure can be varied by means of a pump. 
When the air-pressure in the balance is the same as that in the 
bulb, the apparent weight of the bulb's contents is nil. In a 
vacuum, the sealed-up air exerts its full weight, as it is not 
counterpoised by the buoyancy of the air outside in the case. 
At any pressure intermediate between ordinary pressure and 
a vacuum, the apparent weight of the air in the bulb can be 
calculated. In this way, by varying the pressure of air in the , 
case, we can bring the balance into equipoise ; and this can be 
determined by throwing a beam of light from the platinized 
mirror on to a scale some feet away from the apparatus. Many 
corrections are necessary in the course of a weighing, but for 
an account of these the reader is referred to the original paper. 
The results obtained by Bamsay and Oray give a mean atomic 
weight of niton equal to 223; so that niton should lie two 
places above xenon in the Periodic Table. 

The spectrum of niton has been examined by Bamsay and 
Collie,^ who have found that it closely resembles in general 
characteristics the spectra of the inactive gases. The spectrum 
fades very soon, and is replaced by the hydrogen spectrum. 
There is one bright line at 5596 ; Bamsay and Collie suggest 
that this may be identical with a line in the spectrum of 
lightning^ which does not seem to have been identified with 
that given by any known gas. 

like radium itself, radium emanation spontaneously gives 
out a very considerable quantity of heat. The maximum value 
of heat liberated per hour from the emanation generated by 
one gramme of radium is given by Eutherford ^ as 75 calories ; 

» Ramsay and Come, PrtK, Boy. Soc,, 1904, 78, 470. 
2 Pickering, Aitrophys. J., 1901, 14, 868. 
' Butherford, Badioactivityf p. 481. 
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this includes the heat emitted by the disintegration products 
of the emanation. Niton gives out only a-rays.^ 

It has been shown by Curie and Debieme^ that the amount 
of emanation evolved by radium is independent of the pressure 
to which the radium is subjected ; and it has been found that 
changes of temperature also appear to be without influence 
upon the rate of formation. 

We must now turn to the chemical nature of niton. It 
has been shown by Kutherford and Soddy^ that the emana- 
tions of thorium and of radium both showed an extraordinary 
inertness even when submitted to the action of strong chemical 
reagents. For example, no change could be detected in the 
gas after passing it over led-hot platinum black, or finely 
divided palladium, lead chromate, magnesium powder, or zinc 
dust. Such inertness can be paralleled only by the elements 
of the argon group ; and it seems evident that niton must be 
reckoned as belonging to that class of bodies. Eamsay and 
Soddy^ have made even more stringent tests, by sparking 
niton with oxygen in presence of alkali — a process which brings 
even nitrogen into combination — as well as by passing a mixture 
of air and niton over a highly heated mixture of magnesium 
powder and lime. In the latter case the mixture of gases was 
passed for three hours across the magnesium-lime mixture which 
was heated to a bright redness ; the measurements of the radio- 
activity of the niton made before and after the experiment 
gave exactly the same result. In the course of these experi- 
ments it was found, further, that niton is unattacked even by 
phosphorus burning in oxygen. 

From the results quoted in the foregoing paragraphs, we 
can now assign to niton a place in the Periodic Table. From 
the chemical evidence, it is clear that niton is one of the 
inactive gases; and the evidence of its physical constants 
makes it practically certain that it must lie above xenon in 
the Table. Thus its position in the table on p. 198 lies below 
the double asterisk. 

If niton per se is inert, it displays a very great influence 

' Butherford and Soddy, PMU Mag., (6) 1908, 6, 445. 

* Curie and Debieme, Compt, rend., 1901, 188, 981. 

* Butherford and Soddy, PJUl Mag.^ (6) 1902, 4, 6S0; 1908, 6, 467. 

* Bamsay and Soddy, Proc. Boy. 80c., 1902, 78, 204. 
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when brought into contact with other substances. This in- 
fluence has nothing whatever to do with the chemical reactivity 
of the gas, but is due purely to its radioactive powers. We 
must now mention one or two experiments which have been 
carried out in this field. 

Giesel ^ noticed that when a solution of radium bromide 
was allowed to stand, it evolved some gas which investigation 
showed to be chiefly hydrogen. Eamsay and Soddy^ found 
that the gas mixture contained 29 per cent, of oxygen, the 
rest being hydrogen. The slight excess of hydrogen they 
ascribed to contact between the gas mixture and the grease of 
a tap, which would remove some of the oxygen. 

Bamsay ^ carried out a further series of experiments upon 
the action of niton on water, and found that there was a mean 
excess of 5*51 per cent, of hydrogen over and above the quantity 
required to form water with the oxygen liberated. When the 
gases were stored over mercury, the percentage of hydrogen 
was still greater, owing to some of the oxygen being used up 
in oxidation of the mercury. When mercury is not present, 
various causes of the presence of the excess of hydrogen might 
be suggested. It was shown that the corresponding amount of 
oxygen was not lost by oxidation of the radium bromide to 
bromate, nor was there any formation of ozone or hydrogen 
peroxide; no bromine is liberated from the radium bromide. 
In all cases care was taken to prevent the gases coming in 
contact with tap-grease. Bamsay showed, further, that the 
action of niton is a reversible one; for while, on the one 
hand, it decomposes water to produce electrolytic gas, it also 
has the faculty of recombining oxygen and hydrogen to form 
water again. In later experiments it was found that traces 
of hydrogen peroxide may be formed by the action of niton 
upon water. 

We shall have to return to this subject in a later section, 
but enough has been said to show that niton possesses simul- 
taneously two sets of properties which, before its discovery, it 
would have been hard to believe capable of co-existence. On 

» Giesel, Ber,, 1902, 85, 8606. 
3 RamBay and Soddy, Proc, Boy, Soc., 1906, 78, 294. 
* Ramsay, Trans., 1907, 91, 981 ; Cameron and Bamsay, ibid., 1908, 98, 
966,992. 
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the one hand, it is itself chemically inert ; but, on the other 
hand, it can influence the chemical properties of other sub- 
stances to a very marked extent. There is one other property 
which it exhibits, and this is perhaps the most extraordinary 
of all. Spontaneously it is transformed into another element, 
helium. 

Before dealing with the disintegration of niton, however, 
it will be well to mention some experiments which throw . 
some light upon the earlier stages of the decompositions which 
it undergoes. Bamsay and Soddy^ mside an investigation 
of the volume of the emanation, with a view to determining 
whether or not the substance remained constant. The results 
which they obtained are given in the following table : — 

Time in dayi. Volume In c.c. 

Start 0*124 

1 0027 

8 0-011 

4 00096 

6 0-0068 

7 0-0060 

9 0-0041 

11 0-0020 

12 0-0011 

28 00004 

The first number seems very large in comparison with the 
others; this may possibly be due to an unoondensable gas 
being present and forced into the walls of the tube. 

From these results it is clear that the emanation is gradually 
disappearing. Now, we need not suppose that matter is being 
destroyed, but rather that something akin to the condensation 
of a gas to the liquid state is taking place, which will, of course, 
be accompanied by a contraction in volume. The simplest 
hypothesis is that the gaseous emanation which was derived 
from solid radium is undergoing a further change which is 
reconverting it into a solid substance. 

Here we touch another line of evidence tending to prove 
the same point, and we must turn aside to consider the 
phenomena which are classed under the heading excited activity. 

It was shown by M. and Mme. Curie * in the case df radium, 

1 Bamsfty and Soddy, ZeiUch, physikal, Ghem,, 1904, 48, 691. 
* M. and Mme. Curie, Convpt, rend., 1899, 189, 714. 

B 
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and by Eutherford independently ^ in the case of thorium, that 
these substances have the faculty, when placed near other 
bodies, of communicating to the latter the power of exhibiting 
the phenomena of radioactivity. Debieme ^ later found that 
actinium had a similar property. 

We need not describe the experiments which have estab- 
lished the laws governing this phenomenon, but we may 
summarize the results which have been obtained. It is found 
that the strength of the excited activity depends, not upon the 
nature of the object upon which it is located, but purely upon 
the strength of the activity of the exciting radioactive prepara- 
tion, and the length of time that it was left in the neighbour- 
hood of the excited object. After the radioactive substance has 
been removed from the neighbourhood of the excited object, 
the latter begins to lose its radioactive properties, and the 
decay of these follows an exponential curve. Further research 
proved that the^excited activity is proportional to the amount 
of emanation present. 

Now, Rutherford^ has shown that if a platinum wire is 
exposed to thorium emanation it becomes endued with excited 
activity. If we immerse a wire so treated in hot water, very 
little change can be detected in the activity when it is with- 
drawn and dried ; but if we immerse the wire in concentrated 
hydrochloric acid, we shall find that the activity is lost by the 
wire, but is acquired by the solution; and, further, if we 
evaporate the solution to dryness, we shall find that the activity 
has been transferred to the dish. This active matter can be 
removed from the wire or the dish by simple scraping. 

All this goes to show that we are dealing now with a solid 
substance, and not with a gas. But if we have a solid sub- 
stance, it might be supposed to be a compound of the emanation 
with the platinum of the wire. This view is quite untenable, 
when we consider that red-hot platinum black will not attack 
the emanation ; so we are driven to conclude that the emana- 
tion has deposited the solid substance upon the platinum. 

Thus the results of measurements of diminution in the 
volume of the ememation, as well as those phenomena which we 

^ Rutherford, Radiocuitivity, p. 295. 

* Debieme, Compt rend., 1904, 188, 411. 

' Rutherford, Phil Mag., (6) 1900, 49, 188. 
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have just described, point alike to the view that the emanatioiis 
of radium and thorium are continually being transformed into 
solid substances. 

Further investigation of the rate of decay in the case of 
excited activity showed that this solid active deposit (as Buther- 
ford terms it) was not a permanent substance, but was one 
which rapidly passed through a series of changes. Instead of 
the decay being expressible by the usual exponential equation — 

I, = lo X e-^* 

it is found that it really follows the exponential law, but that 
the total decay series is made up of different factors. The first 
decay period has one value for X, the second has another value 
for X, and the third yet another. This proves, of course, that 
the primary radioactive deposit is first converted into a second 
one, having a different radioactive capacity; and that this 
second one is in turn changed into a third substance which 
has a decay constant difiTerent from that of its predecessors. 

In this way the existence of the radium derivates A, B, C, 
D, E, and F has been established, and it has been possible to 
compare them with other bodies by a comparison of the decay 
constants of the two substances. The chief point of interest in 
these substances lies in the fact that radium D, £, and F are 
found in radio-lead, which appears to owe its activity to their 
presence ; while polonium appears to have constants agreeing 
with those of radium F. 

3. The Pkoduction of Helium 

Though the measurements of radioactive decay mentioned 
in the last section were sufficient to show that the emanation 
from radium was capable of undergoing transformation into 
other forms of matter, the results were not quite convincing, 
for, to some extent, the proof depended upon certain theoretical 
assumptions which were incapable of rigid demonstration. The 
quantities of the transformation products were extremely small ; 
and no chemical or spectroscopic experiments could be made 
which threw much light upon the differences between the 
various substances. It was not until Eamsay and Soddy* 

» Ramfjay and Soddy, Proc, Roy, Soc.y 1903, 72, 206; 1904, 73, 34G. A 
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began their work upon the emanation that a product was 
actually observed wUose chemical individuab'ty was beyond 
doubt. 

Butherford and Soddy,^ after finding that niton was an inert 
gas, put forward the view that it belonged to the argon family ; 
and they further pointed out the fact that helium is always 
found in minerals which contain uranium or thorium. The 
question as to whether this association of helium with the 
radioactive minerals had any connection with their activity was 
thus opened. 

Bamsay and Soddy took 20 milligrammes of radium 
bromide which had been prepared three months previous to 
their experiments, dissolved it in water, and collected the gas 
which was evolved. This gas was for the most part electro- 
lytic gas, which had been produced by the action of the radium 
and radium emanation upon the water; but it also contained 
some emanation. To sepsurate the latter from the other gases, 
' the mixture was passed over a red-hot, partly oxidized copper 
spiral, and the water so formed was removed by means of 
phosphorus pentoxide. After this the gas was passed into a 
tiny vacuum tube, in which the spectrum was examined and 
carbon dioxide detected. This gas was eliminated by means 
of liquid air, and a re-examination of the spectrum in the small 
vacuum tube showed the presence of helium, the Ds line being 
visible. Further experiments were made, and practically all 
the lines in the helium spectrum were found. This work has 
been confirmed by several workers,^ and it has been shown that 
actinium also gives rise to helium.^ 

In this way, it was proved conclusively that radium emana- 
tion actually gives rise to helium. The objection might be 
made that the helium is present throughout the course of the 
experiments; but this is shown to be untenable by the fact 
that the helium spectrum is not visible at first. When em 
examination is made at the beginning of the process, it is found 
that a new spectrum is visible which does not contain the 

translation of these papers appeared in ZexMu^hy^lioX, Chem., 1904, 47, 490 ; 
48, 682. 

> Rutherford and Soddy, Phil Mag., (6) 1902, 4, 681. 

< Dewar and Curie, Compt. rend., 1904, 138, 190; Meyer and Himstedt, 
Ann, d, Physik., 1904, 15, 184. 

> Debieme, Compt. rend., 1905, 141, 888 ; Giesel, Ber., 1907, 40, 8011. 
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helium lines; the latter develop slowly and are visible only 
some days after the emanation has been brought into the 
vacuum tube. For instance, in one experiment the emanation 
was led into the vacuum tube on July 17 ; the new spectrum — 
probably that of the emanation — was then observed, which 
contained no helium lines. After standing until the 21st, the 
helium spectrum was observed, and compared with that of a 
helium vacuum tube. 

It is thus shown that the helium is not present in the 
earlier part of the experiments, nor is it in any way connected 
with the presence of the radium salt in the solution; it is z-^^^. 
derived from the emanation alone. In this way the disintegra- /;. . 
tion hypothesis has obtained- its strongest support. Previous . 
to the work of Eamsay and Soddy, the evidence in favour of 
this hypothesis depended, to a great extent, upon postulates 
which could not be experimentally tested ; but by the pro- 
duction of helium from the emanation, the breakdown of one 
radioactive substance into a non-active body was conclusively 
demonstrated. 

These experiments throw light upon another point. It has 
been found that helium exists in many minerals, as well as in 
the waters of several mineral springs ; and for a considerable 
time the presence of this very rare gas under such conditions 
was inexplicable. Bamsay and Soddy's researches have cleared 
up this question also ; for it has been shown that both minerals 
and mineral waters which contain helium have also more or 
less well-marked radioactive properties. They are therefore 
certain to contain a small proportion of radioactive emanation, 
and it is doubtless from this source that helium is derived. 

4. Tkansmutation 

It has already been mentioned that either radium or radium 
emanation, when brought into contact with water, decomposes 
the latter just as an electric current does. Apparently this 
action is confined to the liquid state, for steam does not appear 
to be affected in the same manner.^ Hydrochloric acid is broken 
down into hydrogen and chlorine under the same circumstances. 
This parallel between the actions of the emanation and the 

^ Cameron and Bamsay, Trans., 1906, 96, 966. 
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electric current led Eamsay ^ to try the effect of the emanation 
upon a solution of copper sulphate, from which, by analogy, he 
expected to get copper deposited and little or no hydrogen 
evolved. The actual results, however, were much more 
striking. 

Eadium emanation, when allowed to break down spon- 
taneously, either alone or in presence of oxygen and hydrogen, 
yields helium. When the decomposition took place in contact 
with water, Bamsay observed the presence of neon at the end 
of the experiment. When copper sulphate was dissolved in the 
water, no helium was prodticed ; but the presence of argon was 
detected. Further, traces of lithium were found in the copper 
salt solution after the emanation had acted upon it, though 
none were detected in the blank experiments carried out at the 
same time and under the same conditions. 

These experiments created a considerable sensation in the 
chemical world, and the further detailed account of the work 
was eagerly awaited. This was published shortly afterwards.^ 

The experiments were carried out in the following manner. 
In the first place, pure laboratory copper sulphate was dissolved 
in pure water and was electrolyzed. The copper was deposited 
upon a rotating cathode of smooth platinum. After washing 
with pure water, about half a gramme of the copper was dis- 
solved in a few c.c. of redistilled nitric acid ; the solution was 
evaporated to dryness on the water-bath, and the solid was 
heated for a time to expel nitric acid. The nitrate was then 
dissolved in pure water, and filtered into two glass bulbs newly 
made from the same piece of tubing. The first was treated with 
several accumulations of emanation, after which it was sealed 
off and the emanation was allowed to decay ; the other tube 
was exhausted and sealed off. 

In other experiments, the electrolytically deposited copper 
was dissolved in " contact " sulphuric acid. After the experi- 
ment had been completed, this copper was recovered in the 
form of sulphide, converted into the acetylide, and this in 
turn into the nitrate, which was used for a further series of 
experiments. 

1 Bamsay, Nature, 1907, 76, 269. 

< Cameron and Ramsay, Trans,, 1907, 91, 1593; 1908, 96, 992; see also 
Cameron's account of the experiments in Science Progress, 1908, 8, 222. 
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After the expiration of sufficient time to allow the emanation 
to decay, the copper salt solution was transferred to a platinum 
crucible and saturated with sulphuretted hydrogen, which was 
passed in through a platinum tube. The precipitated sulphide 
was separated by centrifuging it in a silica tube. The filtrate 
was then evaporated to dryness and ignited, after which the 
residue was treated with a few drops of pure water. This 
solution was then evaporated and examined spectroscopically. 
The whole of the analysis was carried out in platinum or silica 
vessels. 

In both experiments calcium and sodium were detected in 
the residue. Lithium was found in the case of the bulb which 
had been treated with emanation, but not in the untreated 
bulb. 

We might account for the presence of this lithium in four 
different ways. In the first place, it may be due to impurity in 
the copper salts employed; secondly, it might have been 
ascribed to the action of water or the emanation upon the glass 
of the bulb ; thirdly, it might be introduced in the course of 
analysis ; or, finally, it might be the disintegration product of 
one of the elements present, just as helium is formed as a 
disintegration product of the emanation. 

The fact that lithium is found only in the sample treated 
with emanation, but not in the untreated sample, though the 
two are originally derived from the same solution, appears to 
negative the idea that the lithium is an impurity of the copper 
salts used. With regard to the idea that the lithium may be 
derived from the glass of the bulb, it might be mentioned that 
some of the experiments were carried out in silica bulbs, and 
in these cases the same results were obtained. Further, no 
lithium was observed in cases where glass bulbs were used in 
blank experiments, either when they contained copper solutions 
or emanation in contact with water. There seems no possibility 
of accounting for the presence of lithium being due to error in 
the analyses ; the precautions which were taken are inconsistent 
with this assumption. 

We are therefore driven to conclude that the lithium 
must be formed in some way from the contents of the 
bulbs under the action of the radium emanation which they 
contain. 
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We must now turn to the details of the results which were 
obtained by an analysis of the gases remaining in the bulbs 
after the experiments. The bulb into which no emanation had 
been introduced contained, of course, no gas. The bulb which 
had contained emanation was now filled with a mixture of 
gases, which was analyzed in the usual way. The results are 
given below, and as a comparison the figures which are obtained 
when pure water is treated with emanation in the same manner 
are given also. 





Copper 






nitrate aolutlon. 


Pure water. 




C.C. 


C.C. 


NO 


. 112 . 


— 


N, . . 


. 0-34 . 


. 0-807 


CO, . 


. 0-27 . 


. 0-066 


CO . . 





. 0-030 


H, . . 


. 0-44 . 


• 8-746 


0, . . 


. 1-12 . 


. 1-662 



It will be noticed that the greatest difference between the two 
columns is to be found in the case of the hydrogen evolved in 
the two cases. In the copper nitrate solution the liberated 
hydrogen may have been used up in reducing the nitric acid, 
which would also account for the large amount of nitric oxide 
produced. 

The nitrogen and nitric oxide were removed by the ordinary 
methods, and the residual gases examined spectroscopically. 
No helium or neon was observed, but argon was present in 
quantity. This could not have leaked or diffused in from the 
outer air, for if this were the case the helium spectrum also 
should have been observed. 

The gaseous residue from the bulb in which pure water had 
been treated with emanation was then examined, and it was 
found to show a brilliant neon spectrum, while the helium lines 
were not pronounced. This proved that the decomposition of 
the emanation had not followed the usual course ; for in that 
case no less than five cubic millimetres of helium should have 
been present, whose spectrum would have far outshone that of 
the neon. 

Some objections have been raised in connection with this 
work. Soddy and Mackenzie^ state that traces of neon and 



1 Soddj and Mackenzie, ^oc. Boy, Soc,, 1908, A. 92. 
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helium can be obtained from electrodes which have been used 
in an atmosphere of these gases, or even from fresh aluminium 
electrodes. This observation, however, hardly seems sufficient 
to account for the comparatively large quantities of neon 
detected by Eamsay and Cameron, or for the fact that these 
authors, using the same spectrum tubes, did not invariably find 
the neon spectrum. Eutherford and Royds^ state that they 
have not been able to detect more than a trace of neon when 
radium emanation is allowed to act upon water, and they 
attribute the presence of this trace to a leakage of air. Mme. 
Curie and Mdlle. Gleditsch^ have repeated the Eamsay and 
Cameron experiments, using platinum vessels instead of silica 
or glass ones. Under these circumstances they detected no 
lithium. Against this we must set the fact that in the Eamsay 
and Cameron experiments a copper solution divided into two 
parts showed the presence of Uthium in the half which was 
treated with emanation, while the other half, under precisely 
similar circumstances except for the presence of the emanation, 
showed not a trace of lithium ; and that this is not an isolated 
case, but has been observed on several occasions. 

In his Presidential Address to the Chemical Society in 1909,* 
Bamsay gave some details of his further experiments, in which 
he dealt with the products of some salt solutions. From the 
fact that both radium and actinium yield helium as a dis- 
integration product, Eamsay was led to investigate the behaviour 
of thorium, with a view to discovering whether it also broke 
down to the same gas. Two hundred and seventy grammes of 
thorium nitrate were carefully purified and placed in a round- 
bottomed flask with a capillary neck, which was then evacuated 
at intervals until the last traces of gas were removed from it. 
Precautions were taken to prevent leakage either in or out; 
and after 168 days the contents were examined. It was found 
that a certain amount of gas had been collected. This was 
analyzed, and the experiment repeated twice more, being 
allowed to stand for 250 days in the one case, and 173 days 
in the second. The analyses of the gases obtained in these 

' Batherford and Koyds, I'hil Mag., (6) 1908, 16, 812. 
« Curie and Gleditsch, CimvpL rend,, 1908, 147, 846. 
' Ramsay, Tram,, 1909, 90, 624 ; Bamsay and Usher, Ber., 1909, 48, 
2980. 
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three experiments are given below, the figures representing 
cubic centimetres : — 



Oas volume. 



After 168 days . . 3-628 , 0061 

„ 250 „ . . * 6-760 ' 0*017 
„ 173 „ . ' 2-74 002 



(H2+O2) I CO2 

i - - 



0-588 6-145 

1-08 i 1-64 



In each case the gas was examined spectroscopically, btit though 
the Ds line was detected in more than one case, the results are 
not suflScient to prove the production of helium from thorium. 
On August 14, 1907, a control experiment was started, in 
which a solution of 300 grammes of mercuric nitrate was used 
as a blankf being enclosed in a similar flask and dealt with in 
an identical manner. On March 30, 1908, the gas in the two 
bulbs gave the following results on analysis : — 

Mercury bulb. Thorium bulb^ 

0-016 CO. CO, 1-209 c.c. 00, 

8-628 „ N 1-821 „ N 

0-084 „ 0-016 „ (H, + 0,) 

There was a distinct evidence of the helium spectrum ; the D3 
line was observed, but the tube " ran out " almost at once. 

The next analysis was made on February 9, 1909. In this 
experiment it had been thought advisable to fill up the capillary 
tube with mercury, in order to avoid any possible contact 
between the thorium solution and the grease of a stop-cock. 
The presence of this mercury produced a very considerable 
change in the conditions of the experiment, for no less than 
180 c.c. of gas were collected. This proved to be practically all 
pure nitrogen. A separation of the gas into its constituents 
was effected by cooling with liquid air under a pressure of two 
atmospheres, and then boiling off the nitrogen. In this way a 
residue was left behind which yielded on analysis 0*622 c.c. of 
carbon dioxide. 

An examination of these figures makes it clear that carbon 
dioxide is present in the thorium bulbs in quantities which 
cannot be accounted for on any known basis. It is perhaps 
too soon to assume that carbon is a degradation product of 
thorium ; but if we reject this solution, we have no other to put 
in its place. 
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Experiments were now begun to test the action of radium 
emanation upon thorium nitrate solution. It was first shown 
that the emanation, when allowed to act upon tap-grease out of 
contact with oxygen, yielded only hydrogen, and not carbon 
dioxide. In addition to this, care was taken that the emana- 
tion never remained in contact with the grease of the tap in the 
apparatus for longer than a fraction of a second. It is thus 
possible to exclude the idea that carbon dioxide arises from the 
tap-grease. The first bulb was charged with thorium and 
emanation on June 3, 1908, and was opened on November 18 
of the same year: 0*551 c.c. of carbon dioxide was found. 
The bulb was recharged with emanation and closed on 
November 20. When it was reopened on February 2, 1909, 
it was found that 0*124 c.c of carbon dioxide was present. 
(A smaller quantity of emanation had been used in this 
experiment.) 

Further experiments were now tried with zirconium nitrate, 
this metal being chosen on account of the fact that it belongs 
to the same family as thorium and carbon. Two bulbs were 
charged on August 19 and 26 respectively, and both were 
opened on November 20, 1908. In the one case it was found 
that 0*124 c.c. of carbon dioxide was present, while the second 
bulb yielded 0*116 c.c. 

An experiment with hydrofluosilicic acid and radium 
emanation yielded 0*106 c.c. of carbon dioxide. 

A crucial test was applied in the case of bismuth perchlorate. 
This substance was prepared by dissolving bismuth oxychloride 
in excess of perchloric acid, and evaporating the solution till it 
becomes syrupy and white fumes appear. The total amount 
of carbon dioxide present after the experiment had been carried 
out in the same way as the others was 0*150 c.c. Now, as the 
solution of bismuth perchlorate had been evaporated until 
perchloric acid fumes were evolved, it is clear that any organic 
matter whatever which was present in the bulb must have 
been oxidized, and therefore must have been removed with the 
chloric acid fumes. In this experiment no nitrogen was present, 
either as nitrite or nitrate in solution or in an elementary state 
in the gases evolved during the experiment. This proves that 
there was no trace of air leakage. 

The following figures give the amounts of carbon in 
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milligrammes produced by the action of one cubic millimetre 
of emanation in the case of each solution tested : — 



Solution of 


HjSlFa 


TI(S04), 


Zr(N08)4 


Th(N0,)4 


Pb(C10,), 


Milligrammes of carbon 0-618 


0-982 


I. ir. 
1-071 0-878 


I. II. 
2*93 0*968 


0102 



At the present time Eamsay considers that the matter is 
still mb judice^ but there can be no doubt that even up to now 
the results are striking in the extrema As he points out, we 
ape quite in the dark as to the relative stabilities of the 
elements, and it may be that we have attacked the more stable 
ones up to the present time, instead of devoting our attention to 
ones which could be broken down by a smaller expenditure of 
energy. If, among the ordinary elements, we can hit upon some 
which border upon the radioactive condition without actually 
being active, it is quite possible that with the store of energy 
which the radium salts and emanation place at our disposal, 
we shall be able to overthrow the stability of their intra-atomic 
systems, and thus bring them in turn into the radioactive state. 
Much experimenting will be required before we can select the 
proper elements, if such exist. 
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Melting-points as criteria of nature of equimolecular mixtures of optical 

antipodes, 15 ff. 
Mercuric chloride, 151 

„ cyanide, 151 

„ nitride, 106 
Mercury nitrate, 250 
Mercury succinimide, 108 
Mesaconic acid, 58, 69, 60 
Mesotartaric acid, 59 
Mesothorium, 214 
Michael's views, 71 
Meta-elements of Grookes, 190 
Microbalance, 287-8 
Mixed crystal and double salt, relations between, 2 

„ crystals, 1, 14, 15 
Model, three dimensional, 29 ff. 

„ „ „ simplification of, 81, 83 

Mohr's salt, 2 
Molecular vibration curves, 46 

„ weight of colloidjs, 91 ■ 
Molybdenum, 188 
Monazite sand, 177, 213, 282 
Moore's examination of liquid air residues, 202 

Neqativb valency, 156 
Neodymium, 176, 178, 179, 181, 188 
Neon, 197, 200 

isolation of, 197 

luminescence phenomena of, 201 

produced from radium emanation, 246 

properties of, 200 

spectrum of, 200 
Neo-ytterbium, 176 
Nernst's researches, 117 ff. 
Neutralization, slow, 74, 76 
Nickel chloride, 144 

„ salts, colours of, 61 
Niton. See Radium emanation 
Nitre-beds of Chili, 114 
Nitric acid, production of, 115 if. 
„ oxide, 117 ff. 

„ „ Nemst*s researches on, 117 ff. 

Nitrides, production of, 128 
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Nitrito-nitrato-diethylenediammino derivatives, 170 

Nitro-ethane, 70, 76 

Nitrogen, Bayleigh's reeearches on, 194 

„ fixation of, 112 fi. 

„ its oiroulation in nature, 112 

„ oxides, production of, 115 ff. 
Nitro-groups, isomerism in, 166, 170 

„ negative character of, 70 

Nitrohydroquinone ether, 79, 80 
Nitrohydroxylaminic acid, 130 fl., 188 

„ „ „ decompositions of, 182 ff. 

„ „ „ hyponitrites from, 183 

„ „ „ salts of, 131 ^ 

Nitromethane, 71 
Nitroparaffins, 70 ff. 
Nitrophenol ethers, 78 
Nitrosites, formation of, 136 
Nitrosoderivatives, action of nitroxyl on, 139 
Nitrous acid, production of, 116 ff. 
Nitroxyl or dmydroxy-anunonia, 136 

„ its action on amines, 139 

„ „ on hvdroxylamine and hydrazine, 140 

„ „ on nitroso-bodies, 139 

„ oxime formation with, 138 

„ preparation of, 186 

„ reactions of, 188 If. 

„ reduction of, 138 

„ structure of, 141 
Non-colligative properties, 41 
Non-separable activity, 227 

OoTAHBDBAL arrangement, Werner's, 153 

" Onium " salts, 66 

Optical antipodes, criteria of nature of mixtures, 14 ft. 

„ „ general absorption of, 69 

„ properties of colloids, 90 

„ rotary power, 68 
Osmosis, electrical, 94 
Osmotic pressure, 91 

Oxalyl radicle, quadrivalent on Werner's hypothesis, 156 
Oxime formation with nitroxyl, 188 
Oxonium salts in cobaltammine series, 160 

„ „ Werner's ideas on, 154 

Ozone formed by action of radium, 223 
Ozonides, 187 

Paraqbhbsbs, diagrams of, 39, 40 

„ table of, 38 

Paragenesis, 86 ff. 
Partial valencies, 66 
Particles, size of, in colloids, 93 
Pasteur^s researches on racemates, 3 
Pentammine salts, two seto of halogen atoms in, 147-8 

„ series, 146, 147, 166 

Periodic System or Table, 185, 193, 196, 198, 209 ff . 

„ ,, anomalies in, 186 

Peroxides, types of, 187 
Persistence of band, 47 
Petersen's criticism of Werner, 163 

„ researches, 168 fl. 
Phenol and water, solutions of, 100 
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Phenolphthalein, behayioui of liquid ammonia, 107, 106 
Phenylnitramine, 81, 88 
Phenyl-nitromethane, 72 

„ „ ethers, 78 

Phosphorescence speoira, 186 
Phosphoric acid, 162 
Phosphorus trichloride, 162 
Physical properties, classification of, 41 
Physiologioal colour, 42 
Picramide, 109 
Pitchblende, 205, 280, 281 
Plate, standard, 48 
Platin ammonia salts, 146 

„ „ „ ferment-like action of, 97 

Platinum hydrosol, coaguh^tion of, 108 

„ „ conductivity of, 94 

„ „ size of particles in, 98 

Poisoning of colloids, 97 
Polarization of light in colloid solutions, 92 
Polonium, 207, 210. Ste also Radium F 

„ atomic weight of, 210 

„ isolation of, 207 
PolyhaUte, 18, 19, 
Polyozides, 187 
Positive valency, 156 
Potassamlde, 108, 109 
Potassium, radioactivity of, 216 

„ aoetamide, 106 

chloride, 6, 18, 21, 22, 28, 24, 26, 26 ff., 84, 38 

„ nitrate, 106 

„ sulphate, 2, 26 ff., 84 

„ unmium sulphate, 204 
Praseodymium, 176, 178, 179, 181, 188 
Praseopurpureo salts, 167, 168 
Praseoroseo salts, 168 
Praseo-salts, 167 
Precipitation, fractional, 182 
Pressure, its influence on double salt formation, 3 
Pseudo-acids, 69 if. 

„ „ criteria of, 74 ff. 

„ „ definition of, 74 
„ „ properties of, 78 

Purpureo salts, 167 
Pipyridine, two molecules monomolecular on Wemer*fl hypothesis, 155 

QuiKONS, spectrum of, 44 
Quinonoid hypothesis, 42 

Racbmic compounds, melting-point phenomena of, 14 

„ „ general absorption of, 59 

Radiation of thorium X, 227 
Radioactive change, 217 IT. 

„ „ different from chemical reaction, 226 

„ „ equations for its velocity, 225 

„ „ uninfluenced by heat, 226 

„ elements, 208 ff. 

„ emanations, 284 ff. See dUo under respective elements 

Radioactivity an atomic property, 226 
Radio-lead or Radium D, 215, 229 
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Radio-thorium, 214 
Radimn, 205 if., 280-283, 249 

„ and uranium, oo-ocourreboe in ores, 281 
„ atomic weight of, 208, 209 
„ bromide, 207, 226 
„ carbonate, 226 
„ chloride, 206, 209 

half-life period of, 280, 283 
„ metallic, 209 
„ origin of, 280 fi. 
„ parent substance of, 216, 280 ff. 
„ soheme of isolation process, 207 
„ source of its energy, 224 
n A, 229 
„ B,229 
„ 0,229 

„ D or radio-lead, 215, 229 
„ El, 229 
„ E„ 229 

„ emanation, 229, 284 fi. 
„ „ active deposit of, 229 

„ „ chemical inertness of, 239 

„ „ decomposition of, 241 fi. 

„ „ its action on hydrofluosilicio acid, 251 

„ „ on hydrochloric acid, 245 

„ „ „ on water, 240, 245 

„ „ method of manipulating, 236 

„ „ one of the inactive gas series, 237 

„ „ physical properties of, 286 

„ „ production of helium from, 248 fi. 

„ „ quantity of, evolved, 236, 239 

„ „ radioactive properties of, 240 

„ „ Ramsay and Soddy's researches on, 243 ft. 

„ F, 210, 229. St^ also PoZiONiUM 
„ salts, heat evolved by, 206 
„ „ properties of, 20^ ff. 

„ „ properties of their solutions, 208 

„ „ spectra of, 208 

Ramsay and Rayleigh, isolation of argon, 195 

„ „ Cameron's researches on transmutation, 245 ff. 
„ „ Soddy*s production of helium from radium emanation, 243 fit. 
„ „ Young on decomposition of ammonia, 122 
Ramsay's view of Brownian movement, 96 

„ views of oobaltammines, 158 
Rare earth elements, carbides of, 179 

chemical character of, 178 fi. 
heats of combustion of, 178 
hydrides of, 179 
nitrides of, 179 
oxides of, 179 

physical properties of, 177 fl. 
their place in the Periodic Table, 186 ff. 
„ earths, 176 fi. 
„ „ importance of, 177 
„ „ occurrence of, 176, 177 
„ „ purification of, 180 fi. 
Rayleigh and Ramsay, isolation of argon, 194, 195 
Rayleigh's work on nitrogen density, 194 
Rays. See Alpha-, Bihta-, Gamma-, X-, and Biscqurrel. 
Reactions and absorption spectra, 65 
„ spectroscopic study of, 66 
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Beaotion-velooities, action of solvent on, 66 

Beoovery of thorium X activity, 225 

Refractive index, 41, 58, 88 

Befcaotivity criterion for psendo-acids, 88 

Beiohardtite, 86, 87. Su cUao Magitesium sulphate heftahydratk 

Besearohes, suggested, 65 fi. 

Besidual aflfinity, 58, 60, 67 

M ,» and general absorption, 58, 60 

M ,. in chemistry, 67 

„ valency, 156 
Bontgen rays, 204. See X-rayb 
Boseo-cobalt chloride, 144 

Boseo-salts, Werner's explanation of supposed isomerism, 166 
Bubidium racemate, 9 
Bubidium, radioactivity of, 216 

„ tartrates, solubility relations of, 9 
Bule, van*t Hoff's, 28 
Butherford's views of radioactive change, 226 

Sai/t deposits, problem of, 18 fi. 

Samarium, 176, 178, 179, 181 

Samarskite, 212 

Santonine, 42 

Scandium, 176, 179, 181, 185, 193 

Schonbein's ozonides and antozonldes, 187 

Schonite, 27, 86, 86, 37, 38 

Sea-mter, evaporation of, 20 

Selective absorption, 46 

Sildrt discharge, 116, 117, 122 

Silicic acid, 86, 99, 100, 101 

Silicon nitride, 128 

„ nitride-carbide, 128 
Silver hydrosol, size of particles in, 93 

„ iodide, 61 
Silver nitrohydroxylaminate, 138 
Size of colloid particles, 98 
Slow neutralization, 74 
Sodamide, reaction with acetamide, 108 
Sodium acetamide, formation of, 108 

„ ammonium racemate, 3 

„ chloride, 2, 18, 21, 22 

„ iodide, 61 

„ nitrohydroxlyammate, 131, 182, 133, 134, 135 

n n »» constitution of, 132 

„ suooinimide, 106 

„ sulphate, 9, 10, 11, 12, 21 
Sol, definition of, 86 
Solubility method of determining transition points, 4, 6 

» •» of separating rare earth elements, 181, 182 

„ relations of rubidium tartrates, 9 
Solution, constant, 21 
Solvent action and absorption spectra, 65 
Space formula of benzene, 50 

„ models of solutions, 29, 32 
Spark discharge, 116, 117 

„ spectra, 185 
Spectra, absorption, 41 fl. See also Awobption bpbotba 

„ arc, 185 

„ phosphorescence, 185 

„ spark, 185 
Spectrometric method of determining transition points, 4, 6 
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Spectroscope applied to rare earth isoUtions, 184 

„ arrangement of, 42 ff. 

Spectroscopic determination of chemical change, 63 
Spectroscopy, its relation to chemistry, 67 
Spectrmn of helimn and mercury, 300 
Spinthariscope, 221 
Standard plate, 48 
Stassfurt salts, 18 Q,, 
Stimulation of one atom by another, 66 
Substitaents, influence of, on benzene vibrations, 52-3 
Substitution, effects of, on spectra, 48, 52-66 
Suocinimide, 106 
Sulphamlde, 106 

Sulphonyl deriyatives of hydroxylamine, 136, 187 
Superoxides, 187 
Supersaturation of solutions, 34 
Suspensoids, 88 
Suspensions, 87 

Sylvine (potassium chloride), 85, 36 
Symmetry of benzene destroyed by substitution, 52 

„ „ molecule and general absorption, 55 

Tabub of basicities found by Dobbie, Lauder and Tinkler, 64 
of double salt existence-Umits, 88 
of parageneses, 39-40 
of radium degradation products, 229 
of supposed numbers of ions in coboltanmilne solutions, 165 
of uranium, thorium, actinium, and degradation products, 228-9 
rearrangement of, Brauner's Periodic, 189 
showing radium extraction process, 207 
Tantalum, 185 

Tartaric acids, general absorption of , 59 
Tellurium and polonium allied, 210 
Temperature coefficients, abnormal, 80 
Temperature, influence of, on double salt crystallization, 35 ff . 

„ influence on double salt formation, 8, 85 S. 

Tensimeter, 6, 34 

Tensimetric determination of transition point, 4, 5 ff. 
Terbium, 176, 179, 180, 181 

„ gproup, 176 
Tetrammine series, 145 
Tetramminopurpureo salts, 167 
Tetrammiuoroseo salts, 167 
Tetrazooes, formation from nitroxyl, 139 
Thallium salts, 68 
Thenardite, 36, 37, 38 
Thermometer, geological, 39 

Thermometrlc determination of transition point, 4, 6 
Thielo's theory of partial valencies, 57 
Thorianite, 213 

Thorium, 180, 205, 212 ff., 216, 225, 226, 227, 228, 242 
„ atom, disintegration of, 226 
„ non-separable activity of, 227 
„ A, 228 
„ B, 228 

emanation, 227, 228, 234, 242 . 
,, „ conversion into solid substance, 228 

half Ufe period of, 227-30 
„ nitrate, 249, 251 
„ separation from actinium, 211 
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Thorium, X, 225, 227, 228 

„ X, radiation of, ^27 
Thorium-1 ek., 214, 227-8 
Thulium, 176, 179, 181 
Time, influence of, in salt deposition, 34 ff. 
Tin chlorides, 68 
Transition interval, definition of, 13 

„ intervals, 8 fi. 

„ definition of, 18 

„ point, determination of, 4 fi. 

„ temperature, 3 fi., 85 fi. 

„ „ of astrakanite, 10 

„ „ of ferric potassium chloride, 6 

„ „ of rubidium racemate, 9 

„ of sodium ammonium racemate, 3 
Transmutation, 245 ff. 
Triammine series, 145 
Trianmiino cobalt nitrite, 159 
Triboluminescenoe, 221 
Trielectride of cobalt, 160 
Trihydrozylamine hydriodide, 150 
Tungsten, 188 

Ultbamicbobcope, 92 

Unsaturation, its influence on general absorption, 55 ff . 

Uranium, 196, 204, 205, 206, 207, 212, 218, 216, 224, 225, 229, 231, 232, 233 

„ and radium, co-occurrence of, 231 

„ X, 224, 225, 229 

Usiglio's researches, 19 ^, 

YAiiENCT, auxiliary, 151 

„ free negative, 156 

„ „ positive, 156 

„ latent, 156 

„ main, 151 
, mean, 35 

„ partial, 56 

„ residual, 156 

„ and light absorption, 61 ff. 
Vanthoffite, 36 
Van't Hofi's equation, 163 
„ „ factor t, 168 ff. 
„ „ researches on oceanic deposits, 19 ff. 
„ „ Bule, 23 
„ „ space model, 29 ff. 
Vibration curves, Hartley's, 46 

Violeo- and praseo-salts, confusion between the series, 168-9 
Violeo-purpureo salts, 167 
Violeo-roseo salts, 168 

Violeo-salt, Werner's typical, a praseo-compound, 169 
Violeo-salts, 169 
Violuric acid, 83 
Viscosity method of determining transition points, 4 

„ of colloid solutions, 88 
Visible spectrum, 42 

Waldbn's researches, 111 

Water of crystallisation, 4 

Werner and Miolati's empirical rule, 161 

Werner's conductivity measurements, 161 
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Warner's explanation of cobaltammines, examples of exceptions to, 154, 155, 
166, 166, 167, 168 
hypothesis, 151 fi. 

„ bases of, 151 

„ J&rgensen's criticism of, 154, 166 fi. 

„ of ammonium and oxonium salts, 154, 173 

typical violeo-salt a praseo-compound, 169 

Xantho-salts not explicable on Werner's hypothesis, 165 
Xenon, 185, 198 

„ isolation of, 198 

„ properties of, 202 
X-rays, 204, 205, 217, 220, 224 

Yttbbbium, 176, 179, 181 

group, 176, 180 
Yttrium, 176, 181, 188, 184, 185 
„ group separation, 188-4 

Zmo sulphate, hydrates pf, 2, 8 

„ sulphide, 221 
Zirconium nitrate, 252 



THE END, 



1-RU(TK1> BY WILIIAM CLOWES AMU SONb, LIIIITKD. LOKIH>K AKD BKCCLES. 
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